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ABSTRACT 

Modern large electric power plants use combined heat and power (CHP) cycle 

which includes the cogeneration of electrical power and useful heat at the same 

time, resulting in an increase in thermal efficiency. However, nowadays, 

governments tend to promote the distributed power generation and here comes 

the role of the Micro Gas Turbines (MGT), which are small power generators, that 

use the thermal power of the exhaust gases to heat water for usage and increase 

the total efficiency. 

This project will investigate the turbine performance of an axial MGT which is 

intended to produce to 2kW of electrical and 16 – 18 kW of thermal power. For 

that low power rates, usually radial turbines are used because of the enormous 

rotational speeds and the purpose here is to study if an axial turbine with that 

small dimensions can fulfil its purpose. The main analysis was done using the 

commercial Ansys – CFX  solver with the Reynolds-Averaged Navier – Stokes 

(RANS) simulation. The turbulence model used here is the k-ω SST. The 

preliminary and validation simulations, to match the power output, the efficiency 

and the air mass flow rate was done by the build in Cranfield’s University software 

Turbomatch, mainly for the design point. 

The primary considerations were towards the relatively large design point 

pressure ratio and mass flow rate given the small turbine dimensions. The results 

showed that the turbine can deliver the required power but there are losses due 

to irregular flow characteristics (Figure 4.5), therefore, the geometry needs to be 

optimized.   
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1 INTRODUCTION 

1.1 The idea of a Micro Gas Turbine 

Currently governments encourage distributed power generation rather than huge 

centralised power plants. Distributed generation is a concept, which requires from 

local communities or dwellings to produce their own electricity and thermal power 

[3]. For that reason, many alternatives have been proposed such as renewable 

energy systems. But these are often very expensive and they demand a lot of 

installation space, also, they are not energy dense and they can’t provide power 

when it is demanded; therefore, people will not choose them, so it is necessary 

to find a more attractive way, not too expensive and with easy installation. Micro 

gas turbines (MGT) may be the solution. Even though they are not very efficient 

for power generation ( 𝑛𝑡ℎ = 0.11 ~ 0.19), the thermal power of their exhaust 

gases can be used to heat water and thus resulting on a global efficiency of 80 – 

90%. Conventional power plants, have at best 40% of thermal efficiency, while 

using the exhaust gases for co-generation may not always be beneficial as the 

cost of creating a large hot water distribution across the near communities may 

be very high, also even if the installation cost may not be the case, grid line losses 

are high (4-7%) [1], thus by local energy production, these losses can be avoided.   

Pollution is another important factor, in the previous years, each city had its own 

power plants, but because of the pollution and because of their low efficiency, 

governments tried to decentralise the power generation and concentrate it on 

huge power plants. Even though through the years this improved the pollution on 

air, more and more alternative fuels from coal had been introduced. Nowadays, 

natural gas is one, if not the eco-friendliest convenient fuel. Micro gas turbines 

mainly use natural gas as it has very high stability and ignition limits. It is also 

cheaper that oil and it can be provided directly from the source through a grid. In 

MGT, light materials and a relatively cheap construction is often desirable 

and since the fuel flow is small, the Turbine Entry Temperature (TET) 

should be low, resulting in low NOx emissions. 
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Before we continue our analysis, it is important to define what a MGT is. Even 

though an official definition does not exist, we will define as a micro - turbine 

system any system that can provide up to 150 kWe, while for 150kWe to 1MWe 

as a mini turbine system. 

1.2 Aims and objectives of the project 

The aim of this project is to evaluate the performance of an axial MGT, more 

specifically it is focused on the performance of the axial turbine and determines 

whether the specific geometry is well designed for its purpose. During the 

analysis RANS CFD solver CFX will be used to predict the aerodynamic profile 

around the turbine blade and indicate the problems that are present. CFX is also 

capable of evaluating the performance of the engine, for that purpose Cranfield’s 

University Turbomatch will be used to validate the results thermodynamically in 

the design point analysis.  

The MGT is expected to deliver around 2kWe of electric power to the grid and 

15-18kWT of thermal power.   For this low useful work, usually radial turbines are 

used, so in this project, we will investigate if the concept an axial turbine is a good 

approach instead of a mainstream off-the-shelf radial turbine. The reason of this 

idea is simple, an axial turbine is a much simpler component with less 

manufacturing and designing costs than a radial. 
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2 LITERATURE REVIEW 

 

2.1 Combined Heat and Power Cycle 

A combined heat and power cycle (CHP) is a system where the waste heat of a 

power generation process is used beneficially. There are many ways to use this 

wasted heat, varying from heating up water and air to absorption refrigeration. 

There are three approaches in CHP, the large-scale, small-scale, micro-scale 

cycle. 

Today the large-scale CHP covers up to 90% of the installed capacity. The most 

common way is by using directly the hot exhaust gases and/or the heat of the 

low-pressure steam gas. However, the purpose of this project is not to analyse 

large-scale CHP, so no further discussion will be done. 

Small-scale CHP is typically referring to applications from 100kWe - 2MWe. Here 

reciprocating machines dominate achieving a total efficiency up to 95% for power 

generation and heating air. 

Micro-scale CHP is the smallest amongst the three approaches and it can be 

used in many applications varying from individual dwellings to small buildings. 

There are many technologies for this category and these are small gas turbines, 

small reciprocating engines, Stirling engines and fuel cells. Car engines can be 

used as reciprocating engines by providing electrical energy up to 5kWe and the 

remaining heating water or air for the dwelling. The most common engine is the 

Sterling where an external combustion engine is heating water. It is very quiet 

and reliable as there are no moving parts, however MGT offering the highest 

potential and developing rate. Many companies develop new technologies that 

work mainly with natural gas and a single spool engine. 
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2.2 Advantages and disadvantages of MGT for CHP 

Compared to other technologies, MGT have many advantages over the other 

engines at micro-scale generation, in brief these are [2]: 

1. Smaller size and weight per unit of generated power 

2. Fewer moving parts 

3. Lower vibration and noise levels 

4. Multi - fuel powered engines 

5. Less emission products 

Comparing them directly with diesel and reciprocating engines, the maintenance 

cost is lower. Even though diesel engines have better efficiency, their waste heat 

is of lower quality and they produce more pollutants such as soot and NOx. Their 

capability to work with multi fuels rather than diesel makes them very appealing 

since they can be used at any time with the most economically one. 

Their main limitation is the lower efficiency comparing with a reciprocating engine, 

while at partial load the efficiency drops further. Power conditioning is required to 

match the grid frequency which decreases the reliability and increases the initial 

cost. Since they are more expensive than other technologies they have large 

payback period which can be from 6 – 10 years and not always viable [4]. In many 

countries, MGT for CHP may not be permitted since they are relatively a new 

technology and there are not regulations. In addition, since it is a new technology, 

it is not fully understood whether it is better for the environment to produce energy 

locally and what its implication may be to the human health. 

2.3 Techno-economic analysis and the market 

MGT for CHP is a relatively new concept- technology, thus it is not very popular 

or even acceptable in many countries. In other words, there is an uncertainty 

about their potential in the market. In industrial applications, there is a lot of space 

available and thus large recuperators may be used. On the other hand, in 

confined space applications such as dwelling combined cycle a recuperator must 

fit in a relatively small space and thus increasing the cost and reducing the waste 

heat quality. Additionally, nowadays the price of natural gas tends to increase 
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while the price of electricity does not follow the same pattern. MGT must also 

compete the CHP provided by the large centralised power plants in the local 

communities.  

Conventional boilers follow a straightforward operating strategy which heating 

water when it is needed, this strategy is known as heat-led. In Micro-CHP 

systems, there are three plans: 

i. Heat-led 

ii. Electricity-led 

iii. Least cost-led 

Briefly, the three methods will be analysed below: 

2.3.1 Heat-led strategy 

In this strategy, the system is based primarily on the production of heat, which 

then can be used for heating water or air and at the same time generate electricity 

which is either going to be used by the building or it will be provided directly to 

the grid. In this method, the MGT must be able to provide at any time the needed 

heat without the help of any auxiliary unit. Currently, the MGT units produce about 

1kWe and 7- 18 kW of thermal power. 

2.3.2 Electricity-led strategy 

Electricity-led units make sure that the demanded electric power is supplied to 

the system anytime it is necessary. Should there be a surplus of electricity, it will 

be provided to the grid. While electricity is produced, at the same time we use the 

thermal power of the exhaust gases to heat either water or air. Even though it 

seems a very attractive approach, it is limited by the capacity of the hot water that 

our system can handle and for that reason, this strategy shall be used for 

apartment blocks or small business rather than single dwellings. 
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2.3.3 Least-cost strategy 

A strategy where the system is dynamically changing between the above two. 

The system will import- export power at the right time where the electricity price 

is low - expensive accordingly. In many cases, even heat dump may occur; for 

example, if the electricity price increases and the natural gas price drops, the 

system may produce surplus electric power and heat which is not needed and 

thus this heat will be wasted. On the contrary, if electric power price drops and 

fuel price is increased, the system will follow the heat-led profile. 

2.3.4 The market for MGT 

According to [2], MGT can be used in a variety of fields from industrial to 

residential sectors. They can provide many services such as CHP, emergency 

stand-by, mechanical power, on and off-grid power generation for dwellings to 

inaccessible locations such as mining operations. MGT today offer a very 

reasonable price for individuals but they have to be competitive with the large 

centralised power plants and offer an outlook in the future as the price of the 

natural gas is changing dynamically. Another important factor as it was said 

before is the payoff time against conventional solutions such as hot water boilers. 

2.4 Development of microturbines 

There are many challenging factors that a microturbine developer or 

manufacturer may face. The most important is the scaling. A MGT is a scaled gas 

turbine, but scaling does not apply to all parameters; more specifically, when a 

regular gas turbine is scaled down to a microturbine the aim is to get the same 

results multiplied by a scaling factor. For example, the geometric characteristics 

such as the diameter will keep the same analogies but this is not the case with 

the losses. Tip clearance and thus tip leakage cannot be scaled down, so it is 

possible a large gas turbine to have the same tolerances with a scaled MGT; this 

means that non-linearity in performance is introduced. According to [5], other 

major challenges are: 
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i. At low Re numbers in the turbomachinery flow passages, high viscous 

losses are introduced. 

ii. Bearing limitations at very high rotational speeds. 

iii. Small volume-to-area ratios result in high heat losses. 

iv. Small power output and high portion of losses in auxiliary systems. 

v. Costs, since we have to design efficient components for each application 

rather than using off-the-shelf products. 

 

2.4.1 Performance of a micro gas turbine case for CHP 

2.4.1.1 Component efficiency – Phase 1 

Visser et al [5], studied the development of a MGT for CHP applications. They 

indicated that with regular materials we can achieve TET temperatures as high 

as 1287K and with advanced materials up to 1340K. For an airflow of 35-45 g/s, 

they could produce a power output of 2-3 kWe. On the other hand, the thermal 

power was only dependent on the recuperator. It was estimated that without a 

recuperator the heat input by burning fuel was around 35-40 kWTh, while for a 

recuperated system this value drops to 15kWTh. 

Then they study the efficiencies and losses of the important components. For 

micro-compressors and turbines, typical average values are at the order of 70%. 

They also implied that by improving the compressor efficiency by 1% it results in 

2.5% increase in the power output and the global efficiency (for constant TET). 

As for the turbine, the Nozzle Guide Vanes (NGV) do not improve the isentropic 

efficiency, on the other hand, redesigning the rotor blades can improve the 

isentropic efficiency by few percentage. In this case, for constant TET, each 

percentage of improvement in the turbine, resulted in 3.5% in power and thermal 

efficiency. Table 2.1 describes the best and worst efficiencies for each 

component on a MGT. Best case scenario was used as the first step of the design 

process. 
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Table 2.1: Components efficiencies [5] 

2.4.1.2 Modelling – Phase 2 

In phase 2, the performance of the cycle was simulated for many cases, for that 

reason the GSP 11 software was used to simulate the cycle shown in Figure 2.1. 

From the analysis, it’s clear that the recuperator plays a vital role in the CHP 

system. Table 2.2 shows the efficiencies for each case. 

  

Figure 2.1: GSP simulation model [5] 
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Effectiveness of Recuperator (%) 𝒏𝒕𝒉(%) 

No recuperator 6.5 

70 13 

80 15 

90 18 

Table 2.2: Recuperatοr and thermal efficiency 

However, using recuperators with high effectiveness, will reduce the exhaust 

temperature and thus it will reduce the CHP potential. A simulation for the worst-

case column showed that efficiencies lower than the reference shown in Table 

2.1, would be devastating for the system’s thermal efficiency. 

2.4.1.3 Testing the case – Phase 3,4 

In phase 3, a selection of components from the market was made and a MGT 

was built. Then in phase 4, the real-world performance was determined. The MGT 

CHP system was called ‘’Mk4’’ and the results are shown in Table 2.3 

 𝑷[𝑾] [RPM× 𝟏𝟎𝟑] 𝒏𝒕𝒉[%] 

Simple cycle 2788 218 6.28 

Recuperated (85% eff.) 2700 240 12.2 

Table 2.3: Real experimental performance data 

After they gained the results, the 𝑛𝑐𝑜𝑚𝑝𝑟 = 74% , 𝑛𝑡𝑢𝑟𝑏 = 67% and other losses 

were determined to be between 300W.  

2.4.2 Using available of-the-self components. 

From the above analysis, the simulation may not consider many aspects such as 

heat losses and irreversibility of components. So, our model must be more 

realistic than in this case. Also, it was confirmed that generic compressors and 

turbines can be found for micro-scale applications commercially available in the 

market whose efficiencies are indeed at the scale shown in Table 2.1 
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2.4.3 Building an optimized MGT 

Building a MGT from commercially available components reduces the complexity 

and initial cost but the total system’s efficiency is compromised. Visser et al [6] in 

a later study about optimising the performance of the ‘’Mk4’’, gave the following 

results. 

i. Compressor’s pressure ratio can be increased without penalty in its 

isentropic efficiency 

ii. Optimising tip clearance of the compressor can increase the efficiency  

iii. By using more advanced turbines we can achieve an isentropic efficiency 

of 𝑛𝑖𝑠 = 70% resulting in 650W extra power. 

iv. The combustor efficiency was increased to >0.995 and pressure losses < 

1.5% resulting in more than 40% reduction in NOx. More about the 

combustor develop methods can be found in [8],[9]. 

v. The recuperator effectiveness is limited only by its materials, using 

materials with high temperature withstanding we can achieve higher 

effectiveness, lower pressure losses and thus increasing the total 

efficiency. 

vi. Optimisation in fuel compressors components (lower friction in bearings, 

electric motor improvement) can reduce the ‘’parasitic’’ power 

consumption by up to 300W. 

vii. Not much information is given about the generator but up to 440W (12%) 

can result in losses. 

viii. Heat losses can be avoided by relocating the heating water ducting near 

to the heat loss areas. (This will increase the CHP efficiency) 

ix. Not much information is given about the generator but up to 440W (12%) 

can result in losses. 

x. Heat loss can be avoided by relocating the heating water ducting near to 

the heat loss areas. (This will increase the CHP efficiency) 
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2.4.4 A different combustor concept 

Nowadays, combustors designing main concern is about the emissions rather the 

combustion efficiency. One of the most successful ways to deal with this matter 

is by introducing premixing. In this case, the flame can be stabilised with three 

methods [7]: 

i. Aerodynamically 

ii. With porous media  

iii. Surface patterns 

Gas Turbines (GT) usually use the aerodynamic method, while surface patterned 

method is used widely by the domestic boilers. 

Kornilov et al. [7], present a new approach on the combustion chamber using the 

surface pattern method and more specifically by using ‘’Surface fiber burners’’. 

Also, this concept has been test on the Mk4 and Mk5, which give us a good image 

of what improvements this technology can introduce. In this approach, instead of 

the classic method of knitted and woven fiber clothes, braiding was selected as it 

gives many geometrical (no framing of the edges and burning advantages. Ιn 

short, some of its advantages are: 

i. Stabilization of the flame for high burning rates 

ii. Evenly distribution of the combustible mixture to the burning surface 

iii. No need for surface perforation as with the porous media 

iv. Resist to flashback 

v. No need of coated surfaces. 
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The burner that is depicted in Figure 2.2 for two operation conditions, was scaled 

for the Mk5.  Some of its characteristics are shown in Table 2.4. Table 2.5 shows 

the operating conditions of the MGT that it is tested. 

 

  

Material Nextel TM  440 

Cord diameter ~ 2 mm 

Fiber diameter ~ 10-12 μm 

Burner diameter 30 mm 

Flame stability area  ~35 cm^2 

Melting temperature  <1680K 

Table 2.4: Construction characteristics 

 

 

 

Figure 2.2: Braided Burner: Left (low F.A.R ), Right ( φ=1) [7] 
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Thermal input <30 kW 

Base load 18-20 kW 

50% load 10-12 kW 

Inlet temp 293K (cold start) – 990K 

Pressure 1.1 bar (cold start) – 3 bar 

Table 2.5: Operating Conditions 

More about the MGT configuration can be found schematically in Figure 2.1 or in 

[5], [6]. For more information about the experimental setup and the test rig of the 

braided burner can be found in [7]. For now, testing procedure will be skipped  

and the results will be presented. Starting from the pressure losses across the 

combustor chamber, the measurements were carried out for 20℃ inlet 

temperature and it was shown that combustion does not introduce significant 

losses. It was calculated a nearly linear pressure drop with the dynamic head 

(
1

2
𝜌𝑉𝑠𝑢𝑟𝑓

2 ) of about 200 mbar/mbar (Figure 2.3). 

 

Figure 2.3:  Pressure drop against dynamic head. [7] 
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Moving to the flame stability, at low mixing speeds on the surface we have 

overheating of them while for high speeds flame-out may occur. The highest 

stability is shown somewhere in the middle between these two conditions.  

The emissions results shown as it was expected high dependency of the flame 

temperature. For the current emissions limits, we would work for adiabatic 

temperatures 𝑇𝑎𝑑 = 1700 − 1900𝐾 where we have NOx: 0 – 40 ppm , CO + U.H.C 

: 100 – 0 ppm. 

Given the above results, this kind of technology, can be used for: 

i. Pressure ratio up to 3 

ii. Inlet operating temperatures 295 – 1035K 

iii. 𝑇𝑎𝑑 : 1700 – 1900K 

iv. Inlet thermal power 4 – 32 kW 

v. NOx < 40 ppm at stoichiometric combustion 

vi. NOx < 15 ppm at lean combustion ( 15% 𝑂2)  

vii. Low pressure losses in the combustion chamber ( ~ 2%) 

Even though it seems an attractive alternative, according to the authors, because 

it is a relatively new technology more time should be spent on testing to determine 

matters such as deterioration.  

2.5 Computational Fluid Dynamics 

Before the construction of every engine it is important to simulate its performance 

first. In this part Computation fluid dynamics (CFD) has an important portion. A 

gas turbine is roughly consisted of the: 

i. Inlet 

ii. Compressor* 

iii. Combustor 

iv. Turbine * 

v. Nozzle 
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*The number of the compressors can be equal or smaller of that of the turbines. 

A turbine can be used to drive a compressor and/or produce useful work. For high 

mass flow rates, there are generally many stages of compression and expansion 

(multi – spool engines) and sometimes free power turbines (turbines that only 

produce useful work and are not driving a compressor). For a MGT the air mass 

flow rate is not large, therefore a single spool gas turbine with a centrifugal 

compressor is used. 

For the part of the performance the investigator can isolate the compressor and 

the turbine with their corresponding flow paths and with the right boundary 

conditions taken from a performance – thermodynamic simulation software like 

Turbomatch and finally simulate the model. This may be beneficial since CFD is 

insufficient to simulate the combustion process within the combustor chamber 

[10]. 

2.5.1 Computational fluid dynamics solution procedure 

CFD software simulate the flow around a blade by solving numerically the Navier- 

Stokes equations. For complex flows it is not possible to obtain analytical 

solutions, for that reason numerical approaches are implemented. The general 

solution procedure is described in the Figure 2.4 
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Figure 2.4: Overview of the computational solution procedure. [11] 

First, the governing partial differential equations are set and then with the needed 

boundary and initial conditions they are converted into a discrete algebraic 

equation, this stage is known as the discretization stage. 

The main approaches in the discretization are the: finite volume and finite 

difference. A brief discussion about these two methods will follow. Before we 

analyse the two methods it is important to introduce what is a structured and an 

unstructured mesh. In brief: 

• A structured mesh is this with regular connectivity and the available 

element choices are quadrilateral and hexahedra in the 2- D and 3- D 

respectively. Figure 2.5 represents one.   

• An unstructured mesh is the one with irregular connectivity. It allows the 

any kind of element shape and usually triangle types in 2-D and tetrahedra 

in 3-D. In unstructured grids, we save a lot of computational time, however 

we miss details such as the boundary layer.  
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• Finally, there are the mixed or hybrid type where there is a combination of 

the two above. This kind of mesh allow us to compute details at specific 

points while saving computational time. 

The Finite difference method (FDM) is the oldest one and it was used by Euler to 

obtain by hand numerical solutions to differential equations. In a generated grid 

every nodal point is used to calculate the fluid characteristics, specifically at these 

points the finite difference method use Taylor series to produce finite difference 

approximations of the main flow equations from the Navier- Stokers equations. 

This method can be used for all grid types but the it applies better to structured 

meshes because it demands high regularity. Furthermore, the distance between 

the nodal points doesn’t have to be constant, however there is a limit in the 

stretching. The main advantage of this method is that it allows approximations of 

high order, which in turn gives better accuracy in the solution. On the other hand, 

the drawback is that unless special constraints are made, the property of 

conservation is not enforced. This method initiates with the discretization of the 

geometry, in Figure 2.5 it is depicted a structured grid. Here for purposes of 

illustration the spacing in the x and y direction is constant, however this is not the 

case for the method. The smaller the gaps (Δx and Δy) the better the accuracy of 

the results. So a grid with more nodes will produce more accurate results. 
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Figure 2.5: Cartesian grid of a structured geometry[11] 

The black dots are the ‘’known’’ boundary condition nodes and we use them to 

calculate the blank dots. There are generally three approaches the forward 

difference which is also called an explicit method, the backward difference which 

called an implicit method and the central difference which is the most accurate of 

the three. 

The Finite volume method (FVM) refers a small volume that it is enclosed by the 

surrounding nodes of a grid, then at the centroid of this volume the governing 

equations are calculated. This method can work with any mesh, so unstructured 

meshes can work as good as structured which means that each kind of geometry 

can be simulated and mixed kind of meshes can be used which can lead to high 

accuracy at the points of interest such as the boundary layer and concurrently 

save computational time from the unstructured mesh. Comparing to the finite 

difference method (FDM) it seems more attractive, however its main drawback is 

that in high order differencing approximation more than the second order it is not 

easy to be developed in 3-D. In general, FVM has more advantages that the FDM 

and fewer disadvantages. Figure 2.6 presents how this method work for 

structured and unstructured meshes. 
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Figure 2.6: Finite Volume Method for structured and unstructured meshes [11] 

2.5.2 Computational fluid dynamics turbulence models 

Turbulence is a complex phenomenon which includes many time and space 

scales. In simple words, turbulence is the entropy of the flow and it represents its 

chaos. The most CFD simulations of turbulent flows are calculated in the steady 

state condition and their solution is based on the Reynolds Average Navier 

Stokes (RANS) equations. 

The main turbulence modeling methods are: 

• The Reynolds- Average Navier- Stokes (RANS). RANS are time averaged 

equations of the fluid flow and thus they are used for steady flow analysis. 

As shown in Figure 2.7, a mean value of the momentarily fluctuation is 

used. There the momentarily velocity u, is equal with the sum of the 

average velocity �̅� and the fluctuating velocity u’, with the average �̅�′= 0.  
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Figure 2.7: Velocity Fluctuation in a pipe taken from [Fredsøe, 1990] 

• The Large Eddy Simulation (LES). This method solves numerically the 

Navier- Stoke (N-S) equations. However, solving the N-S equations 

numerically is very expensive computationally, so here comes the idea of 

the LES, where it ignores the smallest in length scale eddies near the walls 

and focuses only on the larger ones and thus making it more effective. The 

drawback of course is that we don’t have the accuracy in details such as 

the boundary layer and other points of interest.  

 

Figure 2.8: The bigger circles are the ones that LES is taking into account, while 

it ignores the smaller ones in the pink box [13] 

• The Direct Numerical Simulation (DNS). DNS is the most expensive in 

computational time, it is actually the same LES but it takes into account 

the smaller eddies. As it is stated by Rodi et. al. [14] a good LES is almost 

a DNS. 

However, this project will focus only to RANS modelling method since it gives 

decent results and it is very fast in computational time. RANS has many 

turbulence models which are used in modern engineering applications, so a brief 

reference of them is important.  
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• Spalart – Allmaras (S-A). SA is a one equation model which was designed 

specifically for aero applications. This model basically uses a transport 

equation for the eddy viscosity [15]. This makes it a good model for 

preliminary design and thus if we need a more detailed analysis we should 

use more complex ones. 

• k – ε model. The most commonly used semi empirical model for mean flow 

simulation characteristics. It is a two equation turbulence model that allows 

the determination of both the turbulent lenght and time scale by solving 

two separate transport equations. It is so popular that there are many 

variations of it for very specific applications. It is very robust, economic and 

with decent accuracy for a variaty of turbulent flows. The two transport 

equations that it uses are for the turbulence kinetic energy ‘’k’’ and the rate 

of dissipation ‘’ε’’.  The assumption for the derivation of this model is that 

the flow is fully turbulent and any effects of molecular viscosity are not 

significant.  

• k – ω model. Again an empirical model which uses two – transport 

equations for the turbulence ‘’k’’ and the specific rate of dissipation ‘’ω’’ 

which can be approached as the ratio of ε to k. In many solvers such as 

the Fluent it is used for low- Reynolds number, compressible flow, and 

shear flow spreading. Its main disadvantage is its sensitivy of solutions out 

of the shear layer knows as ‘’freestream sensitivity’’.  

• Shear- Stress Transport (SST) model is a robust hybrid two- equation 

turbulence model which combines the k - ω and k – ε characteristics, as it 

uses the former one for the boundary layer region and the last one for the 

free shear flow. The result is that it takes the advantages of each method 

and abolishes their weak points. However, this model tends to overpredict 

the turbulence in regions with high stresses such as the stagnation points.  

• k – kl – ω model, which is a transition model used to predict the boundary 

layer development and thus calculating where transition from laminar to 

turbulence will occur. It is regarded as a three equation eddy – viscosity 

model which uses the transport equations for the turbulent ‘’k’’ and laminal 

‘’kl’’ kinetic energy and  the inverse turbulent time ω. 
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 In Ansys CFX the k – ε turbulence model is used in a variety of applications, 

however, the Shear Stress Transport model must be used for flows with 

separating boundary layers and thus it is the best choice for flows with high 

swirling. 

2.5.3 Grid characteristics 

In section 2.5.1 the main characteristics of the structured and unstructured 

meshes was introduced. However, there are more than these two. Figure 2.9 and 

Figure 2.10 show as simple geometry with structured and unstructured meshes. 

The first one gives us good details in every part of the domain such as the 

boundary layer but it is quite computationally expensive. On the other hand, with 

the unstructured mesh we save a lot of computational time and we can obtain a 

good overview of the flow characteristics but we miss details of interest such as 

the boundary layer. To overcome these problems, the mixed grid has been 

proposed. Figure 2.11 illustrates a solution for the above geometry, the mesh 

here consists of structured quadrilateral elements near the wall and of triangles 

in the rest domain. This solution will eventually lead to faster convergence, less 

computational time and at the same time capture of the flow characteristics. 
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Figure 2.9: Structured Mesh [11] 

 

Figure 2.10: Unstructured Mesh [11] 

 

Figure 2.11: Mixed- Hybrid Mesh [11] 
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2.5.3.1 Grid around blades 

Usually structured grids are used with blades since the boundary layer is 

important in the flow characteristics. Separation of the flow and how well it is 

following the blade’s geometry determines the performance of a turbomachinery. 

The main approaches are the O-, C- grid. For viscous flow, a C-grid is a good 

choice since it can capture well the wake but for different angles of attack different 

C-grids would be required for better results, something that weakens the 

argument of using this kind. On the other hand, O-grids are good for inviscid flow, 

where they have the advantage of reduced cell count as compared to C-grids. 

 

Figure 2.12: Left picture : O - grid  Right Picture : C – grid [17] 

2.5.3.2 Grid independency 

The numerical simulation is highly grid dependent and it is important to review 

how the solution changes while the number of the elements change on a 

centralized vicinity of the geometry. To check how results are changing we must 

compare one or more quantities at the same place before and after the change.  

2.5.4 Near – Wall requirements 

Walls are the boundaries where the viscous fluids have zero flowing velocity very 

close to them and boundary layer is the product of this phenomenon. A way to 

describe the average velocity of a turbulent flow at a certain point is proportional 
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to the logarithm of the distance from the walls, this is also known as the law of 

the wall. There is a quantity known as the 𝑦+ which is the non – dimensional  

distance from the wall and it is dependent on the characteristic of the fluid such 

as the free stream velocity, viscosity and a characteristic length.   

The log law states that for: 

𝑦+ < 5                Viscous sublayer 

5 < 𝑦+ < 30       Buffer layer                            Log- Law  

𝑦+ > 30         Log – law region 

 

Choosing the 𝑦+ will determine the resolution of the boundary layer and the 

accuracy of the solution. For values below 1 the boundary layer can be captured 

very well.  

2.5.5 Convergence of the solution 

The solution of a simulation must satisfy two important properties, consistency 

and stability. The sum of these two quantities define the convergence of the grid 

which in simple words mean that the solution of the discretized partial equations 

approaches the true solution of the governing equations. The more the complex 

the turbulence model is the more difficult is for the solution to converge. CFD 

solvers define the convergence through an iterative procedure which is:  

i. Discretization of the governing equations (momentum, mass, energy, …)  

ii. Set tolerances in the variable value from one iteration to another (known 

as residuals) 

iii. Solve the equations in an iterative procedure. 

iv. Reach the target tolerances. 

v. Convergence. 

However, grid convergence is not the same as tolerance convergence. The 

former, is obtained by another iterative procedure which called grid independency 
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which is satisfied by gaining the same solution for changing the number of nodes 

on the main grid while keeping the same structure.  

It is recommended by many manuals that for a converged solution, the residuals 

should be at the order of 10−6. However, a solution with residuals at the order of 

10−5 is assumed to be well converged. 

2.6 Gas Turbine Performance and simulation 

2.6.1 Basic equations and principles 

The performance of a gas turbine is a function of the gas properties, so in engine 

modelling and simulation the accuracy is increased when we use variable gas 

properties. The specific heat capacity 𝑐𝑝 = (
𝜕ℎ

𝜕𝑇
)

𝑃
  is a quantity that it changes with 

the temperature so we need to obtain it from charts such as this in Figure 2.13. 

The basic equations for the performance of a turbomachinery are the following:  

 

Figure 2.13: Specific heat capacity for air and kerosene [19] 
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𝑐𝑝 = (
𝜕ℎ

𝜕𝑇
)

𝑃
                Specific heat capacity at 

constant pressure 

(2.1) 

𝑐𝑝 = 𝑐𝑣 + 𝑅              Specific heat capacity at 

constant volume 

(2.2) 

𝛾 = 𝑐𝑝/𝑐𝑣                 Isentropic expansion factor (2.3) 

U.W = T.W. – C.W Useful Work (2.4) 

𝜂𝑡ℎ =
𝑢𝑠𝑒𝑓𝑢𝑙 𝑤𝑜𝑟𝑘

𝐻𝑒𝑎𝑡 𝑖𝑛𝑝𝑢𝑡
 Thermal Efficiency 

(2.5) 

 

Let us consider a simple gas turbine engine, that is following the ideal Brayton 

cycle. Here for convenience we will assume that: 

• The specific heat capacity 𝑐𝑝 remains constant 

• The mass of the fuel is negligible compared to the mass of air 

• No cooling or bleeding effects are present 

 Compressor Turbine 

Isentropic 

efficiency 
𝑛𝑖𝑠 =

𝑑ℎ𝑖𝑠

𝑑ℎ
 𝑛𝑖𝑠 =

𝑑ℎ

𝑑ℎ𝑖𝑠

 

Pressure ratio 
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛

= [
𝑇𝑜𝑢𝑡

𝑇𝑖𝑛

]
(

𝛾
𝛾−1

)(𝑛𝑝𝑜𝑙𝑦)

 
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛

= [
𝑇𝑜𝑢𝑡

𝑇𝑖𝑛

]
(

𝛾
𝛾−1

)(
1

𝑛𝑝𝑜𝑙𝑦
)

 

Power Input/ 

Output 
C.W. =�̇� 𝑐𝑝 (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) T.W. = �̇� 𝑐𝑝 (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) 

Table 2.6: Gas turbine performance equations 
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• Adiabatic system 

• The polytropic efficiency is 𝑛𝑝𝑜𝑙𝑦 = 1 

 

Figure 2.14: Simple gas turbine engine [19] 

 

Station 1 – 2: Compressor 

Station 2 – 3: Combustor 

Station 3 – 4: Turbine  

𝐶. 𝑊. =  �̇� 𝑐𝑝(𝑇2 − 𝑇1) =  �̇� 𝑐𝑝  (1 −
𝑇1

𝑇2
) =  �̇� 𝑐𝑝 𝑇2  (1 − 𝑃. 𝑅.  

1−𝛾

𝛾 )     

𝑇. 𝑊. =  �̇� 𝑐𝑝 (𝑇3 − 𝑇4 ) = �̇� 𝑐𝑝  (1 −
𝑇4

𝑇3
 ) =  �̇� 𝑐𝑝 𝑇3 (1 −  𝑃. 𝑅.  

1−𝛾

𝛾 )  

Heat Input (H.I.)  = �̇� 𝑐𝑝 (𝑇3 − 𝑇2)  

U.W. = C.W. – T.W.  

𝜂𝑡ℎ =
𝑈.𝑊.

𝐻.𝐼.
= ⋯ = 1 − 𝑃. 𝑅.  

1−𝛾

𝛾   
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Figure 2.15: Pressure Ratio vs Efficiency 

Figure 2.15 shows that for an ideal cycle the higher the pressure ratio the higher 

the thermal efficiency. However, this is not entirely the case because of the 

assumptions we made earlier. In a real cycle with cooling, efficiency has a peak 

at a given pressure ratio but for a MGT where the pressure ratios are not that 

great, we can say that efficiency follows the depicted trend. 

2.6.2 Simple cycle with heat exchange 

In section 2.6.1 we defined a simple cycle engine, now by adding some 

components we can improve some aspects of the engine’s performance. 

Let us consider a perfect heat exchanger that can the transfer thermal power of 

the exhaust gases from station 4 to the working fluid right after the compression 

at station 2. Ideally if the heat exchanger was big enough, with the perfect 

construction and materials we would be able to reduce the temperature of the 
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exhaust gases to 𝑇4𝑎 = 𝑇2 and concurrently increase the working fluid’s 

temperature after the compression from 𝑇2   to 𝑇2𝑎 = 𝑇4 as shown in Figure 2.16. 

That way, we will not see any difference at all in the performance, however, the 

heat input will be reduced and thus the fuel consumption resulting in a better 

thermal efficiency. Some of its disadvantages are: 

• Complex construction 

• Higher acquisition cost  

• Addition of extra weight 

However, since a MGT is a stationary engine, most of the above problems are 

surpassed. 

 

Figure 2.16: Ideal cycle with heat exchange [19] 
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Figure 2.17: Ideal cycle efficiencies and specific work for a recuperated 

engine[19] 

2.6.3 Real Cycles and losses 

No matter how convenient is the ideal cycles, a real engine is not perfect and thus 

there are some limitations that must be taken into account.  

From now on the following will be acknowledged: 

✓ Compression and expansion of the flow are not isentropic and an 

efficiency must be used 

✓ There are losses during the circulation of the working fluid e.g. from friction 

✓ Combustion results in pressure losses 

✓ Not all the fuel is burned 

✓ Parasitic thrust for stationary engines 

To counteract all these effects, efficiencies must be used for each component 

and process. 
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3 METHODOLOGY AND CFD SETUP 

A 3D geometry of a MGT has been designed in a CAD format and the purpose is 

to evaluate the performance of the turbine stage. The first step is the preliminary 

evaluation by a thermodynamic model and then simulation through CFD. 

Turbomatch is a software created by Cranfield University and it has the capability 

to simulate any gas turbine engine for design and off design calculations and this 

will be used for the thermodynamic analysis.  

3.1 Specifications of the engine and simulation with Turbomatch. 

A 2 – D sketch of the engine is shown below. 

 

Figure 3.1: 2-D engine- Half view 

The engine will be simulated as a single spool engine, with one compressor and 

turbine stage. The turbine will be used to produce the needed compressor’s and 
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useful work. The engine has an air compressor and a gas compressor where the 

air and fuel are compressed respectively. A small fraction of the mainstream air 

right after the compressor will be used for blade cooling. The air is mixing with 

the fuel at the annular combustor where combustion takes place, and then the 

hot exhaust gases travel to the turbine stage. Before the turbine there is row of 

Nozzle Guide Vanes (NGV) which will give the appropriate absolute swirl angle 

to the exhaust gases before they interact with the turbine blades. Finally there is 

the exhaust nozzle, which has a high curvature because it is intended later to use 

the exhaust gases for heating up the flow with a recuparator right after the 

compressor, something that will increase the thermal efficiency (see 2.4.1.3  

2.6.2). However, since the recuperator is not present in the 3D – model, it will not 

be simulated. 

The specifications of the engine at the design point are: 

  

Pressure Ratio 2.5 

Net electric power output 2 kWe 

Thermal Power 15-18 kWTh 

Electric efficiency ~13% 

Rotational speed 170000RPM 

Fuel Natural Gas 

Rotor mean diameter 17.5 mm 

Table 3.1: Engine Specification 
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Figure 3.2: MGT simulation model 

The thermodynamic model is shown in Figure 3.2. More about the code can be 

found in the Appendix A. For the off – design simulations in Turbomatch, the 

default turbine and compressor maps were used, as this engine hasn’t been 

manufactured yet and thus the exact maps are unknown, for the time being 

accuracy is not the point. First, the pressure ratio and the components efficiency 

were defined. The design atmospheric conditions are at ISA. Since the blade 

cooling is not present in the simulation, it is assumed that the flow from the by – 

pass is mixing with the main core flow right before the turbine stage. Table 3.2 

presents the most important assumptions in the preliminary simulation. 

  

Atmospheric Conditions ISA 

Pressure Ratio 2.5 

𝒏𝒊𝒔,𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓 0.75 

Combustor Pressure Losses 5% 

𝒏𝒊𝒔,𝒕𝒖𝒓𝒃𝒊𝒏𝒆 0.75 

Turbine Back Total Pressure 1.07 atm 

Turbine Entrance Temperature 1200 K 

Electric Efficiency 90% 

Table 3.2: Simulation Assumptions 
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3.1.1 Air and fuel mass flow rate 

Using the assumptions in Table 3.2 the required air mass flow rate �̇�𝑎𝑖𝑟  can be 

now specified. Given an electric efficiency of 90%, the expected useful work shall 

be equal to 2200 W. In Figure 3.3 the air mass flow rate is plotted against the 

shaft power; given a simulation margin of error, the expected �̇�𝑎𝑖𝑟  will lie between 

0.028 – 0.32 kg/s (blue area). From the same simulations, the anticipated fuel 

flow rate lies between 0.54473 – 0.642 gr/s which gives an equivalent Fuel to Air 

Ratio (F.A.R.) equal to 0.019455. 

 

Figure 3.3: Useful work v Air Mass Flow Rate 

 

 

Figure 3.4: Fuel Flow v Air Mass Flow Rate 
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3.1.2 Off Design Performance 

The thermodynamic DP will be set for �̇�𝑎𝑖𝑟 = 0.03 kg/s resulting in shaft power 

equal to 2121W (Figure 3.3). The off – design performance will be simulated 

using the already loaded turbine and compressor maps in Turbomatch software.   

At this stage, it is important to determine the engine's performance for different 

ambient conditions using the preliminary design data. The constrains are that the 

nominal shaft work and rotational speed will be held constant.  

As the ambient temperature increases the compressor work tends to increase too 

and thus the pressure ratio to reduce. The hotter the inlet air is the more difficult 

is for the compressor to increase its pressure. Therefore, the air mass flow rate 

is reduced with higher temperatures, however the engine now must deliver the 

same shaft work with less mass something which leads to increased fuel 

consumption. All the above combined reduce the thermal efficiency of the engine 

while the weather is getting hotter.  A simpler explanation is that as a thermal 

engine’s pressure ratio is reduced its efficiency is reduced as well. Figure 3.5 – 

Figure 3.8 explain the above.  

The values at these Figures are just estimated numbers which should give a hint 

of what to expect from the CFD analysis and finally from the real experimental 

data. The more the given details about the engine the more accurate the 

prediction. However, from a thermodynamic simulation tool such as Turbomatch 

we can only introduce losses due to turbulence, roughness, entropy rise, etc by 

adding extra components such as ducts and then enter the percentage of the 

anticipating losses from the literature.  
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3.2 CFD Methodology 

The 3 – D CAD file must be translated into CFD format. Since this project is 

focusing on the turbine performance, the boundary conditions before the turbine 

will be taken directly from Turbomatch. For example, if the desired compressor 

pressure ratio is 2.5, the total pressure before the turbine will be calculated by 

Turbomatch and this will be used for the CFD calculations. The CFD and 

Turbomatch results will be compared and if the two cases match it can be 

concluded that the CFD simulation was successful. Since the compressor is not 

studied here, the general methodology is as follows: 

i. Run the Turbomatch case 

ii. Get the boundary conditions 

iii. Input the boundary conditions to the CFD code 

iv. Run the CFD case 

v. Compare CFD and Turbomatch results 

vi. If they match, the simulation was successful  

vii. Use the compressor work calculated from Turbomatch to find the total 

useful work 

3.2.1 Investigation of the geometry 

The 3 – D geometry was given in a step format and it was necessary to use a 

CAD software to read and edit it, here Ansys Design – Modeler and Catia have 

been used. The engine is depicted in Figure 3.9 

The engine consists of: 

i. Centrifugal compressor 

ii. Outlet guide vanes after the compressor 

iii. Annular combustor 

iv. Turbine’s inlet nozzle guide vanes  

v. Turbine rotor blades 

vi. Outlet  
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As it was discussed earlier, the curvature on the outlet is like that because the 

exhaust gases are intended to be used in a future design to pre – heat the 

compressed air after the compressor resulting in higher thermal efficiency. 

 

 

Figure 3.9: 3 - D model of the MGT 

 

Figure 3.10: Half view of the engine 
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3.2.2 Exporting the turbine stage to CFX  

The main objective of the project is to simulate the performance of the turbine, 

therefore, only a part of the combustor will be used, the nozzle guide vanes, the 

turbine blades and the outlet. The part of the combustor here is actually the inlet 

flow path of the turbine stage. From the Figure 3.10 the combustor and the turbine 

stage were isolated. The idea is to create a flow path that will follow the exact 

geometry of the casing (shroud and hub), the NGV and turbine blade profile. The 

flow path should be looking like this with the red lines in Figure 3.11. 

 

 

Figure 3.11: Flow path of the casing 

 

3.2.2.1 Combustor 

A significant distance before the NGV should be used for the inlet flow path and 

this is why it was chosen at least 1.5 the NGV’s chord length. The main problem 

here was that the NGV disc did not match exactly with the combustor’s casing 

and a straight line was used to avoid the jump as shown in Figure 3.12 & Figure 

3.13 
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Figure 3.12: Gaps between NGV disc and combustor casing 

 

Figure 3.13: Smooth lines to overcome the gaps 
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3.2.2.2 Nozzle Guide Vanes and Turbine Blades 

Ansys – CFX has its own meshing tool called Turbogrid which has the advantage 

of creating rotors and stators constructions just by using one passage and a blade 

profile.  

The procedure is: 

✓ Load the geometry to Ansys Design – Modeler  

✓ Export the passage to Turbogrid 

Before the turbine blades, an abnormality has been spotted which needs to be 

fixed in the future. A sudden ‘’jump’’ is present and it will be ignored by using a 

straight line as the shroud wall. 

 

 

Figure 3.14: Jump in the CAD geometry 

3.2.2.3 Outlet 

The same procedure is followed with the outlet geometry. Now the CAD file has 

translated into a CFX friendly format. More details regarding the procedure are 

given in Appendix B. 
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3.2.3 Meshing the geometry 

Meshing is the discretization of a geometry into elements consisting of nodes, 

where the governing equations are solved. It is the most important part of an 

analysis and it can determine how fast or slow the simulation will converge. 

Therefore, a lot of time will be spent in that phase. The quality of the mesh can 

affect the results and for that reason it is important to understand whether the 

mesh is robust or not, and here comes the part of the mesh independency 

analysis. There are many tools that can mesh a geometry, either semi – 

automatically or fully manually. Some of these tools are: 

• Ansys Turbogrid  

• Ansys Meshing 

• Ansys Icem 

Ansys – Turbogrid is a software that targets to a complete automatization of 

meshing around a blade profile while offering an extraordinary level of mesh 

quality even for the most complicated turbomachinery cases. The user will only 

define the size of the mesh and some other parameters like the boundary layer 

size for a desired 𝑦+ and then everything else is executed automatically to meet 

the desired criteria. All the mesh angles are extremely fine, the transition size 

change smoothly and elements with high aspect ratio are created near the walls 

to capture the boundary layer effects. In some cases where there are problems 

with the grid such as in angles or aspect ratio, the software will indicate the region 

and will also estimate how bad it is. In simple words, Turbogrid can save a lot of 

time from the user while it creates the perfect grid around a blade. As it was 

discussed earlier, Turbogrid is a software used by Ansys – CFX. In earlier 

versions, there were some problems regarding the boundary layer, however, with 

the latest versions these problems have been solved. For that purpose, the 

meshing around the nozzle guide vane and the turbine blade will be made with 

Turbogrid. It is worth to mention again, that Turbogrid only needs one blade 

profile to construct the mesh and the disc of a stator or a rotor, the user only 

needs to define the number of the blades. 
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Ansys – Meshing is a multi-purpose high performance tool that can be used to 

create automated meshes. Depending on the application, it will produce the best 

fitted and precise grid for efficient Multiphysics solutions. However, the user can 

define and change the kind of the mesh at a region with a simple mouse click and 

therefore it is very is easy to create combined mesh such as constructed and 

unconstructed depending on the region of interest. Ansys – Meshing can save a 

lot of user time as it is an automated software as well as a lot of computational 

time because it uses parallel processing. The main idea behind the software is to 

create initially a default fully automatic grid and then by judgment refine or change 

the mesh at the points of interest. 

Ansys – ICEM is a software used for meshing that requires the user to create the 

mesh manually. It can be very time demanding and required much experience 

from the user. Its main advantage is that the user can create a very precise grid. 

Using ICEM is a trade-off between time and accuracy. If the user is not very 

experienced the results may be disappointing. 

As it was described in paragraph 3.2.2 and in Appendix B the geometry has been 

divided into three parts: 

1. Inlet guide vanes 

2. Turbine Blades 

3. Outlet 

For the first two, Ansys – Turbogrid will be used since they consist of blades, 

while for the outlet domain, Ansys – Meshing is the selected software because it 

does not contain any blades. 
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3.2.3.1 Meshing the Inlet Guide Vanes 

Only one blade of the nozzle guide vane is needed, then we can input the number 

of the blades and the stator will be constructed automatically as shown in Figure 

3.15& Figure 3.16 

 

Figure 3.15: One nozzle guide vane blade 

 

Figure 3.16: Nozzle guide vane blades 

 

The meshing is done automatically, however, its size can change. The turbulence 

model used here is the k – ω SST and for this model, it is recommended using 

𝑦+ ≤ 1, if the boundary layer effects are important. The expected Reynolds 

number in the NGVs is small and a relatively small y^+ can be used without 

affecting much the computational time, therefore it will be set equal to 1. The only 

thing left now is to specify the Reynolds number. The Reynolds number is defined 

as:  𝑅𝑒 =
𝜌 𝑈∞ 𝐿

𝜇
 where L is the characteristic length. For simplicity, the assumed 

working fluid is air. From the preliminary results (3.1.1), the calculated mass flow 

rate is 0.028 kg/s and the total temperature and pressure are 1200K and 243kPa 

respectively. The kinematic viscosity μ does not change a lot with the pressure, 

so the tabulated values can be used, the density ρ can be calculated analytically 

with a small error from the equation of state. As for the freestream velocity 𝑈∞ 

and the characteristic length it is necessary to know the geometric characteristics 

of the engine, these are, the area A before the nozzle guide vanes and the chord  
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length L of the nozzle guide vane blade. Using Αnsys Design – Modeler, these 

two values can be determined. Using the equations bellow, the Reynolds number 

can be roughly estimated. At the inlet, a small velocity magnitude is expected, so 

it is reasonable to assume that the total density and temperature are equal to the 

static; at the outlet a guessed Mach number equal to 0.8 will be used. 

 

• For the density, the equation of state is a good approximation 

𝑝1 = 𝜌1 𝑅 𝑡1 

                                            
𝑝2

𝑝1
=

𝜌2

𝜌1

𝑡2

𝑡1
  ,           𝜌2 =

𝑝2

𝑝1
 
𝑡1

𝑡2
  𝜌1   

𝑝2 = 𝜌2 𝑅 𝑡2               

 

• For the viscosity, the Sutherland’s law [20] will be used at 1200K 

𝜇 = 𝜇𝑟𝑒𝑓  (
𝑇

𝑇𝑟𝑒𝑓
)

1.5

 
𝑇𝑟𝑒𝑓+𝑆

𝑇+𝑆
           

(3.1) 

𝑇𝑟𝑒𝑓 is the reference temperature 

𝜇𝑟𝑒𝑓 is the reference viscosity at the reference temperature 

𝑆  is the Sutherlands temperature 

 

• For the free stream velocity 𝑈∞ the following expression can be used 

�̇� = 𝜌 𝑈∞ 𝐴       or       𝑈∞ =
�̇�

𝜌 𝐴
                                                   (3.2) 

 

Table 3.3 shows the values of density and viscosity at the inlet of the NGVs where 

the total quantities are almost equal with the static one’s due to the low velocity 

of the flow. 
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 273.15 K 1200K 

p     [kPa] 101 250 

ρ      [ 
𝒌𝒈

𝒎𝟑 ] 1.2922 0.728 

𝑻𝒓𝒆𝒇  [ K ] 273.15 

S      [ K ] 110.4 

A      [𝒎𝟐] 0.0017236 

L       [ m ] 0.014055 

𝝁𝒓𝒆𝒇   [
𝒌𝒈

𝒎𝒔
] 𝟏. 𝟕𝟏𝟔 × 𝟏𝟎−𝟓 

𝝁       [
𝒌𝒈

𝒎𝒔
] 1.716 × 10−5 𝟒. 𝟔𝟐𝟓 × 𝟏𝟎−𝟓 

Table 3.3: Calculation of the Reynolds number at the inlet of the NGVs 

 

Assuming that the static density at the inlet is equal to the total density, so that 

𝜌0 = 𝜌 = 0.728
𝑘𝑔

𝑚3
 

The free stream velocity is expected to be 𝑈∞ = 23 𝑚/𝑠 

At the exit of the NGVs high Mach number is expected and thus high velocities, 

therefore 𝜌0 ≠ 𝜌.  

Using the fundamental equations of compressible flow  

𝜌0

𝜌
= [ 1 + ( 

𝛾 − 1

2
 ) 𝛭𝑎2]

1
𝛾−1

 (3.3) 

 

For   Ma = 0.8 and  

                      𝜌0  = 0.728                   ρ = 0.538 

                      γ    = 1.4   
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The expected static temperature is t = 1063 K which gives a kinematic viscosity 

𝜇 = 4.3 × 10−5  kg/ms 

 

Assuming a mean density and viscosity 

  𝜌 =
𝜌@𝑖𝑛𝑙𝑒𝑡+𝜌@𝑜𝑢𝑡𝑙𝑒𝑡 

2
= 0.6         

kg

m3 

  𝜇 =
𝜇𝑖𝑛𝑙𝑒𝑡 + 𝜇𝑜𝑢𝑡𝑙𝑒𝑡

2
= 4.46 × 10−5   

kg

ms
 

And finally, the Reynolds number is  𝑅𝑒 = 5100. 

Having define the Reynolds number and the 𝑦+, Turbogrid can now generate the 

mesh around the blade. The total number of nodes are 85000 in the 3 – D 

passage NGV geometry. 

 

  

𝑼∞    [m/s] 23 

𝝆𝒊𝒏𝒍𝒆𝒕   [kg/m3] 0.728 

𝝆𝒐𝒖𝒕𝒍𝒆𝒕 [kg/m3] 0.538 

𝝆𝒎𝒆𝒂𝒏  [kg/m3] 0.6 

𝝆𝟎       [kg/m3] 0.728 

𝝁𝒊𝒏𝒍𝒆𝒕   [kg/ms] 4.625 × 10−5 

𝝁𝒐𝒖𝒕𝒍𝒆𝒕 [kg/ms] 4.3 × 10−5 

𝝁𝒂𝒗𝒆  [kg/ms] 4.46 × 10−5   

Re 5100 

Table 3.4: Calculated quantities 
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Figure 3.17: Mesh around the blade at the hub 

 

Figure 3.18: Spacing from the wall at the leading edge 
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3.2.3.2 Meshing the Turbine Blades 

The same methodology will be followed as before, however it assumed that the 

axial velocity is kept constant. Therefore, the angles of the blades must be known 

first. After the blade angles are found with the help of a CAD software we will 

assume that the incidence and deviation angles are zero which means that the 

fluid is following exactly the geometry of the blade (something that is not possible, 

however, since this is the preliminary design things must be kept as simple as 

possible). 

The axial velocity is calculated by using the following formulas: 

𝑉1 = 𝑀𝑎1  ×  𝑐1          (3.4) 

𝑉𝑎𝑥   =  𝑉1  × cos (𝛼1
′ )                                                                                           (3.5) 

Where  𝑀𝑎1 : Mach number at the inlet 

             𝑐1    : Speed of sound at the inlet 

             𝑎1′   : NGV exit angle at the stationary frame 

The relative velocity at the exit of the blade 

𝑊2 =  
𝑉𝑎𝑥

cos (𝛽2
′ )

   (3.6) 

𝑊𝑢2 = sin(𝛽2
′ ) 𝑊2 (3.7) 

Where  𝛽2
′   : Turbine blade exit angle in the relative frame 

The tangential velocity of the blade is: 

𝑈𝑚 = 𝛺 𝑟𝑚 (3.8) 

𝛺 =
2𝜋𝛮

60
 

(3.9) 

The absolute velocity at the exit of the blade 

𝑉𝑢2 = 𝑈 + 𝑊𝑢2 (3.10) 



 

52 

tan(𝑎2
′ ) =

𝑉𝑢2

𝑉𝑎𝑥
 

(3.11) 

𝑉2 =
𝑉𝑢2

sin(𝑎2
′ )

 
(3.12) 

Where     𝑎2
′   :   is blade exit angle at the stationary frame 

𝑡2 = 𝑇2 −
𝑉2

2

2𝑐𝑝
 ,  𝑇2 has been calculated by Turbomatch (It depends 

on the isentropic efficiency of the turbine)   

(3.13) 

𝑐2 =  √𝛾𝑅𝑡2 (3.14) 

𝑀𝑎2 =
𝑉2

𝑐2

 
(3.15) 

 

 

Once the Mach number is defined the density and the viscosity can be calculated. 

Table 3.5 has the numerical results of the above equations. In this phase, it is 

assumed that dry air is the working fluid with constant 𝑐𝑝 and γ values which are 

equal to 1.1 kJ/(kgK) and 1.4 respectively. 

The boundary layer effects are very important and it is vital to know if there are 

any abnormalities with the flow, therefore a 𝑦+ = 0.3 will be used with the 

calculated Reynolds number 𝑅𝑒 = 40000. The spacing from the wall seems to be 

adequate to capture the boundary layer effects (Figure 3.19) and the total number 

of the nodes in the turbine are 130 000. 
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𝛂𝟏′ 72.5° ρinlet [kg/m3] 0.538 

𝜶𝟐
′  -24.78° ρoutlet[kg/m3] 0.7057 

𝛃𝟏′ 48° ρmean[kg/m3] 0.622 

𝛃𝟐′ -68.5° μinlet  [kg/ms] 4.625 × 10−5 

𝐜𝟏     

m/s 
653 μoutlet[kg/ms] 4.192 × 10−5 

𝐜𝟐     

m/s 
638 μave   [kg/ms] 4.4083 × 10−5 

𝐕𝟏  [m/s] 522 L      [m] 0.0052 

𝐕𝟐  [m/s] 165.22 Re 40000 

𝐕𝐚𝐱 [m/s] 150   

N   [rpm] 170000   

𝐫𝐦  [m] 0.0175   

U   [m/s] 311.54   

𝐖𝟐 [m/s] 409.27   

𝐓𝟐   [K] 1029   

𝐭𝟐   [K] 1016   

𝐌𝐚𝟏 0.8   

𝐌𝐚𝟐 0.25   

Table 3.5: Reynolds Number for the turbine blade at midspan 
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Figure 3.19: Mesh around the turbine blade at midspan 

  

 

Figure 3.20: Spacing from the wall in the 

leading edge 

Figure 3.21: Spacing from the wall in 

the trailing edge 
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3.2.3.3 Meshing the outlet 

The geometry at the outlet is having a similar shape with this in Figure 2.11 so a 

mixed mesh will be chosen here too, structured near the walls and unstructured 

at the main body.  Figure 3.22 depicts the geometry meshed, periodic 2 is not 

visible here as it is on the back of the geometry. The total number of nodes here 

are 68000. 

 

 

Figure 3.22: Outlet of the MGT 

 

Figure 3.23: Meshing near the wall and in the main body 
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3.2.3.4 Discussion about the meshing 

The meshing of the geometry was done using the preliminary results from 

Turbomatch and guessing the Mach number at the inlet of the turbine blades. 

Now, the boundary conditions must be set, run a simulation and change 

accordingly the mesh from the calculated quantities. For example, if the 

calculated Mach number from CFD is much different than the guessed, a new 

Reynolds number must be calculated and change the mesh, however the results 

showed that the assumptions were correct. Finally, a grid independency study is 

necessary to show that the results do not change with the number of nodes, in 

section 3.2.5 the TET, turbine power and the mass flow rate have been plotted 

against the number of nodes and show that the solution does not change for more 

than 1 500 00 nodes. The mass average 𝑦+ was below 0.7 for all the geometry. 

 

 

 

 

Figure 3.24: One passage of the turbine 

stage 

 

Figure 3.25: Turbine stage 
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3.2.4 Boundary conditions 

Various boundary conditions can be applied to the computational model thanks 

to Ansys – CFX. In the following sections, the characteristics of the boundary 

conditions will be introduced.  

3.2.4.1 Setting the working fluid – material. 

For simplicity, it is assumed that the air consists of 79% 𝑁2 and 21% 𝑂2. Similarly, 

the natural gas consists only of 𝐶𝐻4 .  

On section 3.1.1, the calculated fuel to air ratio was equal to 0.019455. The 

assumed mass flow rate is �̇� = 0.028 kg/s which results in 0.54474 gr/s of natural 

gas. The mass of the air and fuel must now be converted into moles. The 

combustion equation is as follows. Here the coefficients 𝑎, 𝑏, 𝑐 can be determined 

from the masses, so now it is possible to calculate the coefficients of the products. 

The number of the moles can be calculated using �̇� =
�̇�

𝑀𝑟
  [kmol/s]     

𝑎𝐶𝐻4 + 𝑏𝑂2 + 𝑐𝑁2 → 𝑑𝐶𝑂2 + 𝑒𝐻2𝑂 + 𝑓𝑁2 + 𝑔𝑂2 

d = a 

e = 2a 

f = c  

g = b – 2 a  

 

 

 

 

 

 

 CH4 O2 N2 CO2 H2O 

Mr 16 32 28 44 18 

Table 3.6: Molar mass of elements 
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a b c d e f g 

0.1676 1 3.76 0.1676 0.335 3.76 0.664 

Table 3.7: Coefficients of reaction 

 

 CO2 H2O N2 O2 

Mass fraction % 0.0527 0.043128 0.7522 0.1518 

Table 3.8: Exhaust gases composition in mass fraction 

 

Gases usually deviate from their ideal gas behaviour, and this deviation is 

significant when the conditions are close to these of saturation. This deviation 

can be described by a correction factor called compressibility factor Z. The 

definition of Z is: 

𝑍 =
𝑝

𝜌𝑅𝑡
 

Obviously for ideal gases Z = 1. The compressibility factor for real gases can be 

greater or less than 1, the further Z is from 1 the less the gas behaves like an 

ideal one. Usually gases at very high temperatures and very low pressures follow 

the equation of state, but the word very high and very low can be abstract. For a 

temperature of 220K air can be treated as an ideal gas with an error of 1% while 

this is not the case for carbon dioxide. Therefore, it has been defined that the 

pressure and temperature of a gas is either relatively high or low compared to 

their critical pressure or temperature. We use normal values that are defined as 

𝑃𝑟 =  
𝑃

𝑃𝑐𝑟
  and 𝑇𝑟 =

𝑇

𝑇𝑐𝑟
 

Where the indexes 𝑟 and 𝑐𝑟 correspond to reduced and critical value. So 𝑃𝑟 is 

the reduced pressure and 𝑇𝑟 is the reduced temperature. For all the gases, the 

compressibility factor Ζ roughly the same at the same reduced pressures and 

temperatures. 
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Figure 3.26: Compressibility factor Z vs Reduced pressure for many gases [21] 

 

Experimental data for various gases validate the abode statement. From the 

above chart, the following can be concluded: 

• At very low pressures 𝑃𝑟 << 1 all the gases behave like ideal regardless 

their temperature 

• At very high temperatures usually 𝑇𝑟 > 2 real gases behave like ideal 

regardless their pressure 

• For the critical point where 𝑃𝑟  and  𝑇𝑟 are equal to 1, gases have the highest 

deviation from the ideal gas state. 

It is therefore safe to claim that a gas is ideal if the 𝑇𝑟 ≫ 2. In our case we are 

dealing with exhaust gases, where their temperature is very high while at the 

same time their pressure is not.  
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Element 𝑻𝒄𝒓𝒊𝒕   K 𝑻𝒓   K 

𝐂𝐎𝟐 304.19 3.94 

𝐇𝟐𝐎 647 1.85 

𝐍𝟐 126.2 9.5 

𝐎𝟐 154.6 7.76 

Table 3.9: Critical temperatures for the exhaust gases [22] 

Every substance here except for the water has a 𝑇𝑐 ≫ 2, so it is safe to treat them 

as ideal gases (their total temperature is 1200K). As for the water, the Dalton 

partial pressure law will be used to find its relative pressure and then calculate its 

critical pressure. 

The Dalton Law states that the total pressure of mixture of non – reactive gases 

is equal to the sum of the partial pressures of each gas. Mathematically the above 

statement can be written 

𝑝𝑡𝑜𝑡𝑎𝑙 = 𝑝1 + 𝑝2 + ⋯ + 𝑝𝑛 =  ∑𝑝𝑖𝑦𝑖,  

Where 𝑦𝑖 , is the mole fraction of each different gas. The 𝑦𝐻2𝑂 = 0.06805, so the 

absolute pressure of the water before the turbine is 117kPa.  The water’s critical 

pressure is 217 MPa, which results in a very low critical pressure, so water can 

be treated as ideal gas.  

Nasa has defined polynomials that can calculate the heat capacity, enthalpy and 

entropy of ideal gases, their form is [24]: 

𝐶𝑝

𝑅
= 𝑎1 + 𝑎2𝑇 + 𝑎3𝑇2 + 𝑎4𝑇3 + 𝑎5𝑇4                                                             (3.16) 

𝐻

𝑅
= 𝑎1 +

𝑎2𝑇

2
+

𝑎3𝑇2

3
+

𝑎4𝑇3

4
+

𝑎5𝑇4

5
                                                              (3.17) 

𝑆

𝑅
= 𝑎1 ln(𝑇) + 𝑎2𝑇 +

𝑎3𝑇2

2
+

𝑎4𝑇3

3
+

𝑎5𝑇4

4
+ 𝑎7                                                   (3.18) 

Ansys – CFX works only with coefficients 𝑎1, 𝑎2, … , 𝑎7  and the R of the gas. Each 

gas has different coefficients. Each gas has a lower, midpoint and upper 
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temperature as well as lower and upper interval coefficients. CFX requires all 

these data. The coefficients can be found in Appendix C. 

For the dynamic viscosity of the gas the Sutherland Formula is chosen. There it 

is required to enter the temperature and viscosity of a reference state along with 

the Sutherlands constant. In case the Sutherlands constant is not known, it can 

be calculated by using the equation 3.1 for two known states and solve it for S. 

Finally, the thermal conductivity must be defined, but since the Nasa coefficients 

used, CFX doesn’t require further data about it.  

When all the materials of the exhaust gases products are defined, a mixture is 

created with the mass composition described in Table 3.8. 

3.2.4.2 Turbulence model 

The CFD analysis will be done in the steady state RANS mode. The main models 

have been discussed in section 2.5.2.  For this work, the turbulence model used 

is the k – ω SST, other options could be k – ε or k – ω however, the SST is the 

best one. k – ε is the most usable model in industry, it is a two-equation model 

that offers stable and robust solutions. Within CFX it uses scalable wall functions 

to enable near the wall solutions for arbitrarily fine meshes. According to CFX 

manual, the two equation models offer good predictions for many flows of 

scientific interest, there are some flow -limitations that may not make them 

suitable. Some of these flows cases are: 

• Flows that include separation in the boundary layer 

• Flows with rapid stress changes 

• Flows in rotating machines or components 

• Flows on curved geometries 

Since we are dealing with a turbomachinery and we have a highly curved outlet, 

k – ε may not be the suitable model. 

On the other hand, CFX manual recommends k – ω shear stress transport (SST) 

for precise boundary layer simulations as it has been designed to offer highly 

precise predictions of the extend of flow separation under severe pressure 
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gradients by incorporating the transport effects to the formulation of eddy – 

viscosity, producing high accuracy in separation of the flow. Therefore, this is 

going to be the main model of the simulations. 

3.2.4.3 Other boundary conditions 

In this section, some other minor but important boundary conditions for the 

simulation will be discussed in brief. 

3.2.4.3.1  Reference Pressure 

Ansys – CFX requires a reference pressure to which all other pressures are 

relative. According to the manual, the reference pressure is a property of the 

entire simulation, which means that for all the domains it will have the same value. 

The purpose of this property is to avoid round – off errors that can occur when 

the changes in dynamic pressure that drives the fluid is small compared to the 

absolute pressure. If the pressure differences are in the order of some Pascals 

e.g. 1 Pa, these will be lost in the round off. For this case, the recommended 

value of the reference pressure is 0. However, in this project we are not dealing 

with that small orders and thus we can choose whatever reference pressure we 

please. For simplicity, it will be set to 0 Pa. 

3.2.4.4 Turbulence intensity 

Depending on the application the turbulence intensity must be chosen 

accordingly. The nominal range in CFX is from 1 to 5%. According to CFX manual 

if the magnitude of the turbulence intensity is unknown, it is recommended to 

select Medium (5%) and this will be used here. 

3.2.4.5 Heat transfer 

There are three options, Total Energy, Thermal Energy, Isothermal. Total Energy 

will be chosen because it includes high – speed energy effects which in turn allow 

to include the viscous work term. Since the rotational speed is 170000 rpm, it may 

be necessary to make these terms present. 
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3.2.4.6 Roughness 

The main calculations will be done for smooth walls, however, later some cases 

for wall roughness in the turbine blade will be investigated and it will be seen how 

roughness affects the flow pattern and the boundary layer on the blade. 

3.2.4.7 Frame Change/ Mixing Plane 

While the plane changes from stationary to rotating and vice versa, there interface 

model must be selected. Here there are two models, the Frozen Rotor and the 

Mixing – Plane. 

• Frozen Rotor is used in steady state analyses to save computational time 

by transforming inherently transient turbo-machinery flow into steady state 

• Mixing – Plane or Stage method, the mixing planes are mixing the flow 

and uses the averages quantities on the upstream and downstream of the 

component.  

In few words, Frozen Rotor is pseudo – transient analysis or it resembles a 

snapshot in time of the flow that gives the result in one position at a specific time. 

Since the mixing plane offers a mean solution in time, it will be chosen for the 

simulation. 
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3.2.5 Grid independency  

Five different grids have been used to verify the grid independency of the solution. 

Three quantities will be tested, the turbine total exit temperature, the turbine 

power and the mass flow rate on the engine. In all cases the results do not change 

a lot from the coarse to the finer grid. Starting from the turbine exit temperature, 

the highest difference between the tested grids is 7 K (peak to valley) and then it 

converges to 1031 K after 1 150 000 nodes. The same trend is observed with the 

turbine power, and the solution converges after the same number of nodes as 

before; it is worth noting that the turbine work depends on the temperature 

difference and to the mass flow rate, so it is very difficult to have a constant value 

from one grid to another. Finally, the mass flow rate of the engine, does not 

oscillate but it rather converges very fast from the very coarse to the finer mesh. 

Acknowledging the above, it can be concluded that the solution does not change 

with the grid size after 1 150 000 nodes. 
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Figure 3.27: Turbine exit temperature 

vs  number of nodes 

Figure 3.28: Turbine Power vs number 

of nodes 
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3.2.6 Convergence strategy 

Once the solution of a simulation does not change, the problem has converged 

and further iterations will not improve the solution anymore. It is therefore 

important to define some quantities that will allow the user to conclude if the 

simulation has converged or not. Ansys – CFX is using the residuals of the 

governing equations and after they drop below a certain value it can be said that 

the solution has converged. Many user manuals recommend that for residuals at 

the order of 10−5 the solution is well converged while for residuals at the order of 

10−6 and below the solution has converged. 

For a real engineering application where complex flow fields may be occurring 

the residuals may not be enough to declare a simulation converged. For that 

purpose, extra parameters must be taken into account. These parameters for an 

engine may be the mass flow rate, the force on a blade, etc. A typical high-

resolution solution convergence graph of this project is shown in Figure 3.30. The 

mass flow rate is constant after 200 iterations and the force on the rotor blade 

after 400 iterations, it is therefore safe to consider that the simulation has 

converged. 
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Figure 3.30: Typical convergence history of a simulated case 

 

 

 

 

Figure 3.31: Mass flow rate vs number 

of iterations 

  

 

 

 

Figure 3.32: Force on the blade vs 

number of iterations 
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4 Results 

In this section, the derived results of the project will be discussed. The CFD 

simulations include many cases with different inlet boundary conditions. From the 

preliminary analysis done in section 3.1.1 the expected mass flow rate is around 

�̇� = 0.03 ±  0.003
𝑘𝑔

𝑠
  and the turbine work 4 – 5 kW, resulting in a useful work of 

2.2kW. 

4.1 CFX Solver 

When it comes to the solution part there are two options, upwind or high-

resolution. The difference between these two methods is a trade – off between 

robustness and precision. The upwind scheme offers a very robust solution 

because it adds significant numerical diffusion while high resolution scheme 

offers more precise results but with dispersed errors which makes the solution 

more difficult to converge. The methodology followed here was either run the 

case with an upwind solution, let it converge and then change it to high resolution 

or using a high resolution from the very beginning. In the first case, a sudden 

“jump” in the convergence history is expected when then solution scheme 

changes.  

The outlet of turbine stage has a very highly curved geometry that may cause 

flow separation and recirculation. The first indication of the flow separation is 

during the solution where Ansys – CFX solver places an imaginary wall at the 

outlet boundary surfaces to prevent the flow to re – enter in the engine. To 

validate the above, a straight duct (Figure 4.4) has been used instead of the 

engine’s outlet geometry and there were not any imaginary walls created which 

means that there is indeed a problem with the current outlet duct. Figure 4.1 

depicts the outlet domain; the dark blue represents the flow separation which is 

shown better in vector form in Figure 4.2. 
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Figure 4.1: Velocity at the outlet domain. 

 

Figure 4.2: Velocity at the outlet domain, red circle is why the wall is placed. 
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Figure 4.3: Magnified area with the reverse flow and where the wall from CFX 

solver is placed. 

 

 

 

Figure 4.4: Flow at the outlet with a straight duct. No walls were created during 

the solution. 



 

71 

4.2 Performance for different pressure ratios 

This engine is expected to operate with a nominal pressure ratio of 2.5, however 

it is important to simulate the performance for different pressure ratios. As it was 

described in previous sections, the total pressure before the turbine can be 

estimated through Turbomatch for a given pressure ratio. Table 4.1 shows the 

estimated total pressure before the turbine stage for each pressure ratio. The grid 

which will be used for each is the one which was described in section 3.2.3 which 

has around 1 500 000 nodes for a single passage. 

 

Pressure Ratio Total Pressure [kPa] 

1.9 183 

2 194 

2.5 243 

2.8 273 

Table 4.1: Total Pressure before the turbine for a Pressure Ratio 

4.2.1 Pressure Ratio 2.5 

4.2.1.1  Smooth walls 

The total pressure before the turbine stage according to Turbomatch is 243kPa. 

After the simulation converges, quantities such as the total mass flow rate, turbine 

work, isentropic efficiency and the total pressure after the turbine blade can be 

evaluated. If the performance of the turbine calculated from CFD is not in 

agreement with the expected preliminary performance from Turbomatch, it does 

not mean that the thermodynamic calculations were wrong since different 

restrictions were used in each case. According to the CFD simulation the mass 

flow rate and the turbine work, is 0.039 kg/s and 8.2 kW while the 

thermodynamically expected were around 0.028 – 0.033 kg/s and 4 – 5 kW 

respectively. 
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�̇� [kg/s] 0.039 

γ 1.32 

𝒏𝒕𝒖𝒓𝒃,𝒕𝒖𝒓𝒃𝒊𝒏𝒆 0.75 

Turbine work [W] 8180 

Exit total pressure [kPa] 104.4 

Table 4.2: Turbine performance from CFD 

Using the mass flow rate and the turbine exit total pressure from Table 4.2 as 

inputs in Turbomatch, the calculated turbine power is 8092W which agrees with 

the CFD result while the useful work of the engine is 4.7kW which is almost 

double the required one. The project requires from the engine 2.2kW of useful 

work and it is therefore clear that the engine with this geometry and a pressure 

ratio of 2.5 does not meet the purpose of the application. 

From the aerodynamic perspective, the flow does not have good characteristics. 

Figure 4.5 is the blade to blade view for the velocity in the rotating frame. On the 

left is the NGV blade and on the right the turbine blade. Here there are three 

regions with extreme importance, the leading edge with the red circle and the 

black circle and square where a separation of the flow is occurring. 

In a turbomachinery, the stagnation point should be in the leading edge, however 

in this case it is located on the pressure side of the turbine blade. Even though 

for a turbine this may not be necessarily bad, in this case there are two separation 

bubbles in the suction side (region 2 & 3) which may be the result of this 

phenomenon. 

Another important parameter in turbomachinery design, is that the axial velocity 

before and after turbine should be kept almost equal, but here this is not the case 

as it changes from 167 m/s to 205 m/s 
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Figure 4.5: Blade to blade view of the turbine 

 

Figure 4.6: Leading edge of the blade 
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Figure 4.7: Separation bubble in region 2 

 

Figure 4.8: Separation Bubble in region 3 

 



 

75 

4.2.1.2 Effect of roughness 

In section 4.2.1.1 the wall roughness was not taken into account. Roughness on 

the walls increases the Reynolds number of the flow causing early transition from 

laminar to turbulent flow. Turbulent flow delays flow separation because the rapid 

fluctuations of the fluid in the transverse direction facilitate the boundary layer to 

keep attached to the surface of the body. 

 

(a) (b) 

 

Ansys – CFX requires the equivalent sand – grain roughness of the wall. 

According to Thomas Adams et al [26], the measured surface roughness can be 

related to the equivalent sand – grain roughness with the following equations. 

Roughness parameter  Estimated sand grain roughness, ε 

𝑹𝒂 𝜀 = 5.863𝑅𝑎 

𝑹𝒓𝒎𝒔 𝜀 = 3.1𝑅𝑟𝑚𝑠 

𝑹𝒛𝒅 𝜀 = 0,978𝑅𝑧𝑑 

Table 4.3: Equations from surface roughness to sand - grain roughness [26] 

Figure 4.9: Flow over (a) a smooth sphere at Re = 15 000. (b) a sphere at Re = 30 

000 with a trip wire. The delay of flow [25] 
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(a) (b) 

 

The roughness is divided into three regimes expressed in the sand grain 

roughness [27] 

  

Hydraulically smooth 0 ≤ 𝜀 ≤ 5 

Transition region 5 ≤ 𝜀 ≤ 70 

Rough 70 ≤ 𝜀 

Table 4.4: Roughness regions [27] 

 

Typical values of turbine blades actual roughness according to Hummel et al [28] 

are in the range of 𝑅𝑎  =  0.81 −  15 𝜇𝑚. In this project, three main sand – grain 

ε surface roughness used for the CFD was 8, 22, 32, 50μm. In all cases the 

isentropic efficiency reduced by 1 – 2 %, the higher the roughness the lower the 

efficiency and this is expected since the roughness will introduce extra drag. 

When flow separation is occurring, the shear stress in the walls must be zero. For 

a smooth turbine blade the flow separates at two points in the suction side at 5 

and 90% of the chord, for sand grain roughness of 8 micron the flow profile does 

not change dramatically, the first separation point moves from 5% to 7% of the 

chord while the separation of the flow is not anymore present near the leading 

edge. For sand grain roughness of 22 micron, the separation of the flow moves 

to 25% of the chord while the flow near the leading edge is following very well the 

Figure 4.10: Representation of the roughness [26] 
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blade surface. Finally, for 32 microns and above, no separation bubble is present 

and the flow follows the blade geometry. While the roughness is increasing the 

isentropic efficiency and the turbine power decreases however it is still much 

larger that it is required. 

 

Figure 4.12: Shear stress vs Streamwise direction for the suction side of the 

turbine 

 

 

(a) (b) 
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The effect of roughness improves the boundary layer but it deteriorates the 

performance of the engine. However, taking or not the roughness into account, 

the calculated turbine power is at the order of 8kW, while from Turbomatch the 

expected Turbine work is around 4 – 5 kW to achieve a shaft power of 2.2 kW. It 

is clear now that with this geometry and this pressure ratio it is impossible for this 

engine to achieve its purpose. 

4.2.1.3 Stagger angle of the turbine blade 

A possible solution to the above problem would be to change the stagger angle 

of the blade, however with these boundary conditions, changing the stagger angle 

would only make better or worse the flow field characteristics. In the first case, if 

the flow field around the blade were to improve, we would only achieve to gain 

extra turbine power, which in this case is not what we’re after. On the other hand, 

if the flow field around the turbine blade deteriorates it would be equal to not using 

the full exergy – potential of the exhaust gases, which would result in less turbine 

work, however this reduction in the turbine work would be equal to bad efficiency. 

It is now clear that changing the stagger angle of the turbine is not a choice here, 

it would have been if the purpose was to increase the turbine work or the 

efficiency but this is not the case here. 

4.2.1.4 Rotational Speed 

The last parameter to check is how the engine will behave for different rotational 

speeds. As the rotational speed is reducing the turbine work is reducing as well, 

however, the flow characteristics around the blade are getting worse. Each time 

the rotational speed is reducing, a bigger separation bubble is present at the 

suction side. It is therefore clear that the turbine blade must be redesigned to 

work properly for this pressure ratio. 
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(a) 70 000 rpm 

 

(b) 120 000 rpm 

 

(c) 130 000 rpm 

 

 

 

 

(d) 140 000 rpm  
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(e) 150 000 rpm (f) 170 000 rpm 

 

4.2.2 Performance for different pressure ratio 

The engine can’t fulfil its purpose for a pressure ratio of 2.5 and a rotational speed 

of 170 000 rpm and now it is necessary to determine the correct pressure ratio. 

Repeating the above methodology for various pressure ratios in CFX leads in 

Table 4.5. For pressure ratio 1.9 the turbine work lies between 4 – 5 kW, 

therefore, further investigation for this case will be done. 

Pressure Ratio Turbine work [Watt] 

1.8 3664 

1.9 4248 

2.0 4935 

2.5 8180 

2.8 10179 

Table 4.5: Turbine performance for various pressure ratios 

Figure 4.13: Streamlines for different rotational speeds. The smaller the rotational speed 

the bigger the separation bubble 
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4.2.2.1 Pressure Ratio 1.9 

Once the CFD solution converged the calculated turbine work is 4248 W, the total 

pressure after the turbine blade (at the outlet) is 102.5 kPa and the mass flow 

rate is �̇� = 0.028 kg / s, quantities that match with these in section 3.1.1. Using 

the above mass flow rate and turbine exit total pressure as inputs in Turbomatch 

the calculated turbine work is 4173 W and the useful work 2026 W, values that 

match with CFD results and the intended purpose of the engine. Aerodynamically 

the flow seems much better, the stagnation point is located closer to the leading 

edge and there is no separation bubble present in the suction side. The axial 

velocity remains nearly constant before and after the turbine blade something 

that is not happening for the previous case. The most important quantities are 

compiled in Table 4.6. 

 

Figure 4.14: Flow around the turbine blade for pressure ratio 1.9 

  

�̇� [kg/s] 0.028 

𝒏𝒊𝒔,𝒕𝒖𝒓𝒃 0.77 

Turbine work [Watt] 4173 

Useful work (Turbomatch) [Watt] 2026 

Table 4.6: Turbine performance for pressure ratio 1.9 
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Comparing the two cases for pressure ratio of 2.5 and 1.9, it is clear that the latter 

is behaving much better aerodynamically as there are no separation bubbles and 

the isentropic efficiency of the turbine stage is increased from 75 to 77 %. 

Regarding the performance, again for the pressure ratio of 1.9 the CFD calculated 

turbine work matches the Turbomatch calculate turbine work that is necessary to 

achieve a useful work of 2.2kW. However, reducing the PR results in reduction 

of the thermal efficiency and this is not desirable. 

4.3 Outlet domain 

This engine will be using the thermal power of the exhaust gases to preheat the 

air flow before the combustor and thus at the outlet a highly curved geometry has 

been used to change their direction. The problem with this geometry is that for 

every pressure ratio and mass flow that has been simulated, flow separation and 

recirculation are present. This flow disturbance will affect the turbine performance 

but not too much and this has been verified by using a straight duct (Figure 4.4) 

and there was no significant difference in the turbine power or the isentropic 

efficiency. A more representative 3 – D flow of the whole turbine stage is shown 

in Figure 4.15 and the flow separation in the outlet domain is obvious. 

 

 

Figure 4.15: Streamlines for the whole turbine stage 
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4.4 Nozzle Guide Vanes 

The nozzle guide vanes have been designed with a good geometry at the inlet, 

since for every simulated pressure ratio the flow impinges at the leading edge. 

Regarding the Mach number there are two main cases.  

• For the simulated pressure ratio of 2.5, the flow at some regions reaches 

a Mach Number of unity which creates a shock in the flow and maybe this 

is the reason that the stagnation point of the turbine blade is not located 

at the leading edge. The exit Mach number is equal to 0.95 

• For the simulated pressure ratio of 1.9, there is no shock wave and the 

Mach number is always below 1. For this case, the NGV design looks  

fine. 

 

(a) Pressure Ratio 2.5                  (b) Pressure Ratio 1.9 

 

 

 

 

 

 

 

 

 

Figure 4.16: Mach number contours at the NGV’s 
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5 Conclusions  

In this chapter, an overview of the project will be summarised following by some 

recommendations. 

5.1 Geometry of the engine 

This project has only focused on the turbine stage and many errors regarding the 

geometry have been found. The turbine engine does not fit properly with the 

combustor walls (Figure 3.12 & Figure 3.13) and better dimensioning of the 

turbine disc is required. The transition in the shroud from the nozzle guide vanes 

to the turbine blade is not smooth and this must be corrected (Figure 3.14).  

5.2 CFD Results 

Many CFD cases have been simulated with different grids to validate the results. 

The used grid in this project was the one described in chapter 3. More than 30 

cases have been simulated to conclude with the right boundary conditions and in 

almost all cases high order accuracy has been used. The mesh created in the 

nozzle guide vanes and in the turbine stage is structured and was done by Ansys 

– Turbogrid. On the other hand, for the outlet domain a mixed grid used, 

structured near the walls to capture the boundary layer and unstructured in the 

main faces to save computational time. The 𝑦+ in the turbine and is generally 

below 1 in all cases and thus the boundary layer effects have been captured well. 

The convergence is satisfactory for all the cases as in the worst case the 

residuals were at the order of 10−5. The CFD results proven that this engine 

cannot fulfil its purpose with these boundary conditions, however, for different 

pressure ratios where the needed turbine work was reached there were other 

aerodynamic problems, for example the stagnation point is not located at the 

leading edge.  
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5.3 Performance for different compressor pressure ratios 

The engine is supposed to work with a pressure ratio of 2.5, however in this 

project neither the compressor was not simulated in CFD nor the combustion 

process. The solution was to create a thermodynamic model in Turbomatch which 

will resemble the engine and that way for different compressor pressure ratios 

the boundary conditions before the turbine engine will be known, now for a 

compressor pressure ratio of 2.5, the total pressure before the nozzle guide 

vanes of the turbine should be around 243kPa. 

5.3.1 Performance for a pressure ratio of 2.5 

The first simulation was carried out for the design point pressure ratio of 2.5, 

however the results shown that this turbine stage is not designed for that 

application. According to Turbomatch, to achieve a shaft power of 2.2 kW, the 

turbine work should be around 4 – 5 kW, however, the work was about two times 

the required one. The flow field was also not showing good signs; for the smooth 

walls simulation, there were 3 regions of interest: 

• The stagnation point was not at the leading edge 

• Two separation bubbles in the suction side 

When roughness introduced to the simulation, after a certain value the separation 

in the flow vanished, however the stagnation point did not change position and 

the turbine work was almost the same. Therefore, the geometry produces more 

work than needed. Changing anything else such as the stagger angle would 

either improve the efficiency and thus extra turbine work would be gained which 

is not what is needed or deteriorate it which would lead to high fuel consumption. 

For that reason, the simulation repeated for lower compressor pressure ratios. 

Regarding the nozzle guide vanes at some regions the Mach number reaches 

unity. 

Reducing the rotational speed reduces the turbine work but the flow separation 

at the suction side is unacceptable. 
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5.3.2 Performance for a pressure ratio of 1.9 

The case where the turbine work was around 4 – 5 kW was for a compressor 

pressure ratio equal to 1.9, then using Turbomatch and some of the CFD results 

as inputs the results were validated. The flow field was improved comparing to 

the previous case, for the smooth walls there were no separations in the flow and 

the stagnation point was closer to the leading edge but not on it. It is known from 

the basic gas turbine performance that the lower the pressure ratio of an engine 

is the lower the thermal efficiency so since this is a micro gas turbine the thermal 

efficiency is by its nature very low, and thus using higher pressure ratios is 

essential. The flow in the nozzle guide vanes seems good with no shock waves. 

5.4 Outlet geometry 

To improve the engine’s efficiency the heat of the exhaust gases will be used to 

preheat the air before the combustor. One way to achieve this is by changing the 

flow direction of the exhaust gases after the compressor and a highly curved 

geometry is necessary, however, flow separation will be present which in turn will 

affect the flow characteristics and may cause vibrations on the engine.  

5.5 Recommendations and future work 

The turbine stage is clearly not designed for the intended application and there 

are two main approaches for the future work: 

1. Improve – change the turbine geometric angles 

2. Redesign the stage 

5.5.1 Improve – change the turbine geometric angles 

The easiest method is to improve the already existing turbine stage by calculating 

the angles at the inlet and at the outlet of the engine and then by using a suitable 

software modify the blade. Table 5.1 shows the recommended angles for a 50% 

reaction, free vortex turbine blade, more information can be found in Appendix D. 
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 Hub Midspan Shroud 

 Inlet(1) Outlet(2) Inlet(1) Outlet(2) Inlet(1) Outlet(2) 

α 74.08 -49.14 71 -43.7 68.5 -39.9 

β 62.16 -70.14 43.7 -71 17.67 -71.9 

V 583 244.6 491.56 221.58 437 208.7 

W 342 471 221.58 491.56 167.9 515.46 

𝑽𝜽 561 -185 464.8 -153.3 407 -134 

𝑾𝜽 303 -443 153.3 -464.8 51 -490 

U 258 258 311.5 311.5 356 356 

𝑽𝒂𝒙 160 160 160 160 160 160 

Table 5.1: Geometric angles for turbine work 4500W and compressor pressure 

ratio 2.5 

5.5.2 Redesign a new turbine stage 

Even though the first option seems more attractive for its simplicity and 

convenient, there are still problems regarding the flow at the outlet. As it was 

discussed in previous sections, flow separation is occurring at the blade and at 

the outlet. The idea of a radial turbine may be a better solution since for low 

turbine work and high rotational speeds they are more robust and efficient than 

the axials. Typical components for a radial MGT engine are shown in Appendix 

E. Even though the recuperator seems to cause a lot of trouble in the flow, it is 

worth it as it was shown in Table 2.2 and should not be removed. 

So far only the turbine has been studied, it is necessary to study the other parts 

of the engine as well and especially those of the compressor and the combustion 

chamber. The final conclusion, of this project is that an axial turbine does not fit 

for this application.  
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APPENDICES 

The purpose of this chapter is to give more information and clarifications 

regarding the project and the methodology. 

Appendix A Turbomatch  

A.1 What is Turbomatch 

Turbomatch is a tool that simulates the steady state and transient performance 

of a gas turbine engine. It has the capability to simulate any gas turbine engine 

reliable, precise and with flexibility. More information about the software can be 

found in THE TURBOMATCH SCHEME[30]. 

A.2 The Code 

Α schematic of the engine is shown in Figure 3.2, next step is to create an engine 

that corresponds to this model. In the preliminary analysis, the only known 

parameters are the compressor pressure ratio and the useful work. Turbomatch 

is also capable to use the exit total pressure of the turbine as an input instead of 

the required useful work and calculate the turbine work, a step which will be used 

to verify the CFD results after the back pressure is gained. The main assumptions 

about the component efficiencies are shown in Table 3.2 and they’re will be used 

as inputs. In the Turbomatch input file the combustor outlet temperature is 1260K 

so that the turbine entrance temperature will be 1200K. From the results file the 

turbine work is around 5326W and the compressor work 3161W resulting in a 

useful work equal to 2165W.  
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TwinGen micro gas turbine                                                        

////                                                                             

 OD SI GT VA FP 

  -1 

  -1 

INTAKE S1,2 D1-6      R100 

COMPRE S2,3 D7-18     R101      V7 

PREMAS S3,4,11   D19-22 

BURNER S4,5 D23-30    R102    W5,6 

MIXEES S5,11,6 

TURBIN S6,7 D31-46             V32 

DUCTER S7,8     D47-51    R103 

NOZCON S8,9,1   D52-53    R104 

PERFOR S1,0,0   D31,54-56,104,100,102,0,0,0 

CODEND 

DATA ITEMS ////                                                                                                                                                 

 !INTAKE 

 1 0.             !ALTITUDE 

 2 0.0           !DEVIATION FROM ISA TEMP 

 3 0.             !FLIGHT MACH NUMBER 

 4 0.99         !PRESSURE RECOVERY 

 5 0.             !DEVIATION FROM ISA PRESSURE 

 6 20.           !RELATIVE HUIMIDITY                                                                                  

 !COMPRE 

 7   -1.          ! Z 

 8   -1.          ! PCN 

 9   2.5         ! DP PRESURE RATIO 

 10 0.75       ! DP ISENTROPIC EFFICIENCY 

 11 0.           ! ERROR SELECTION 

 12 4.           ! COMPRESSOR MAP NUMBER 

 13 1.           ! SHAFT NUMBER 

 14 1.   ! SCALING FACTOR OF PR - 

DEGRADATION FACTOR 

 15 1.               ! SCALING FACTOR OF NON-D 

MASS FLOW - DEGRADATION FACTOR 

 16 1.        ! SCALING FACTOR OF nis - 

DEGRADATION NUMBER 

 17 -1.           ! Component volume 

 18 0.            ! NGV ANGLE 

!PREMAS 

 19 0.92        ! Wout1/Win (8% cooling bleed) 

 20 0.            ! w change 

 21 1.            ! Lambda P 

 22 0.            ! P change                                                                                 

  

!BURNER 

 23 0.03           ! PRESSURE LOSS 

 24 0.99            ! COMBUSTION EFFICIENCY 

 25 -1.0             ! FUEL FLOW MASS RATE 

 26 0.                ! WATER FLOW 

 27 288.15        ! WATER TEMP 

 28 1.                ! WATER PHASE 

 29 1.                ! SCALING FACTOR 

 30 -1.               ! TRANSIENT         

! TURBIN 

 31 -1.07           ! POWER OUTPUT 

 32 -1.                ! RELATIVE ENTHALPY DROP 

 33 -1.               ! RELATIVE NON DIMENSIONAL 

SPEED CN 

 34 0.75            ! ISETROPIC EFFICIENCY 

 35 -1.               ! PCN 

 36 1.                ! SHAFT NUMBER 

 37 5.                 ! TURBINE MAP NUMBER 

 38 -1.               ! POWER LAW 

 39 1.                ! SCAL. FACTOR 

 40 1.                ! SCAL. FACTO 

 41 1.                 ! SCAL. FACTOR 

 42 -1.              ! TR ONLY 

 43 -1.              ! TR ONLY 

 44 -1.              ! TR ONLY 

 45 -1.              ! Turbines in series 

 46 0.               ! NGV ANGLE                                                                                  

 ! DUCTER 

 47 0.0            ! Diffuser 

 48 0.002        ! PRESSURE LOSS 0.2% 

 49 0.0            ! REHEAT COMB.EFFICIENCY 

 50 100000    ! MAX REHEAT FUEL FLOW 

 51 -1.0           ! EFFECTIVE VOLUME                                                                              

 !NOZCON 

 52 -1.              ! FIXED EXIT AREA 

 53 1.               ! SCALING FACTOR                                                                                  

 ! PERFOR 

 54 1.               ! PROP. EFFICIENCY 

 55 0.               ! SCALING INDEX 

 56 0.               ! REQUIRED DP shaft power                                                                                 

 -1 

 1 2 0.027 

 5 6 1260.       ! COT 

 -1 

 

Turbomatch input file 
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Turbomatch results for preliminary analysis. 

 

Appendix B Translating a CAD model to CFX 

The most difficult and time-consuming part of this project was translating the CAD 

file into a CFD friendly format. For turbomachinery Ansys – CFX offers many 

advantages over other solvers and this is the selected one. 

The main idea behind Ansys – CFX and turbomachinery is that only one passage 

is needed and then through periodic boundary conditions the problem will be 

solved for the whole 3 – D geometry.  

A single turbine stage consists of the: 

1. Nozzle guide vanes 

2. Turbine blade 

3. Outlet 

Therefore, these three parts will be isolated from the CAD file, meshed 

independently and finally connected constructing the turbine stage. Before the 

methodology begin many mistakes and errors found with the geometry (section 

3.2.2.1) that will be simplified by constant smooth lines. 
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Ansys workbench offer a variable of tools to import and modify CAD files, one of 

them is the Ansys – Design Modeler. First of all, the blademodeler extension must 

be enabled from the workbench: 

i. Open workbench 

ii. Tools -> Licence Preferences… 

iii. Geometry tab 

a. Move BladeModeler first to the list 

iv. Open Design – Modeler  

 

 

Figure B.5.1: Licence preferences 

Now that the extension has been loaded on Design – Modeler, the geometry can 

be imported. The engine must be rotated in that direction that the gas turbine will 

be rotated on the Z axis, then a half view of the geometry must be used and hide 

the parts that are not needed: 
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i. Create -> Body Transformation -> Rotate (rotate the geometry 

accordingly so that the gas turbine will be rotating around Z axis) 

ii. Create -> Slice -> Base plane -> ZX plane (half view) 

iii. Tree outline -> hide (hide the unnecessary parts) 

Doing the above steps the following geometry shall be on the screen 

 

Figure B.5.2: Export the points to turbogrid 

i. Concept -> 3D curve (create the inlet and outlet of the domain [yellow 

lines]) 

ii. Create -> New plane -> base plane -> ZX plane 

iii. New sketch -> select the inlet and repeat for the outlet 

iv. Create a line for the hub and shroud by using the geometry projected 

edges 

v. Flowpath 

vi. Use for the hub, shroud, inlet and outlet contours the created sketches that 

correspond to each side 
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vii. Export points 

a. Export type -> Turbogrid 

b. Enter the number of blades and the number of rows 

c. Blade surface -> select the blade profile 

d. By trial – error select the smallest values possible for Hub/Shroud 

offset% and Point tolerance 

e. Generate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.5.3 Flowpath and Export points settings 
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A Turbogrid file for the nozzle guide vanes have been created, the same 

procedure must be repeated for the rotor. 

For the outlet domain things are simpler, using only the walls as guides, their 

geometric profile is extracted and then using a CAD software it is revolved by 360 

degrees divided by the number of the blades, and finally the new created CAD 

file is imported again to Ansys – Meshing where the meshing will take place. 

After the meshing for each segment is finished it’s time to connect the them to a 

new CFX component, the workbench now should be looking like this: 

 

Figure B.5.4: Connection of the meshes 

Opening the setup all the components are now shown as one. From the tree: 

i. Flow analysis (right click) -> Domain (x2 to create 3 different domains for 

the three domains) 

ii. Default domain 1(right click) -> Insert boundary -> Select the type of the 

boundary and repeat for each boundary 

After this is done for each component, the rotating and stationary ones are 

designated and finally the boundary conditions are inserted as described in 

section 3.2.4. 
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Appendix C The coefficients can Nasa Coefficients for 

ideal gases 

 

Table C.1: Nasa Coefficients for ideal gas [24] 

 

 

 

 

 𝑪𝑶𝟐 𝑯𝟐𝑶 𝑵𝟐 𝑶𝟐 

𝑻𝒉𝒊𝒈𝒉 3500 3500 5000 3500 

𝑻𝒎𝒊𝒅 1000 1000 1000 1000 

𝑻𝒍𝒐𝒘 200 200 300 200 

Upper Boundary 

𝒂𝟏 3.85746029 3.03399249 2.926640 3.28253784 

𝒂𝟐 4.41437026E-03 2.17691804e-03 0.14879768E-02 1.48308754E-03 

𝒂𝟑 -2.21481404E-06 -1.64072518e-07 -0.05684760E-05 -7.57966669E-07 

𝒂𝟒 5.23490188E-10 -9.70419870e-11 .10097038E-09 2.09470555E-10 

𝒂𝟓 -4.72084164E-14 1.68200992e-14 -0.06753351E-13 10-2.16717794E-14 

𝒂𝟔 -4.87591660E+04 -3.00042971e4 -0.09227977E+04 -1.08845772E+03 

𝒂𝟕 2.27163806 4.96677010 0.05980528E+02 5.45323129 

Lower Boundary 

𝒂𝟏 2.35677352 4.19864056 0.03298677E+02 3.78245636 

𝒂𝟐 8.98459677E-03 -2.03643410E-03 0.14082404E-02 -2.99673416E-03 

𝒂𝟑 -7.12356269E-06 6.52040211E-06 -0.03963222E-04 9.84730201E-06 

𝒂𝟒 2.45919022E-09 -5.48797062E-09 0.05641515E-07 -9.68129509E-09 

𝒂𝟓 -1.43699548E-13 1.77197817E-12 -0.02444854E-10 3.24372837E-12 

𝒂𝟔 -4.83719697E+04 -3.02937267E+04 -0.10208999E+04 -1.06394356E+03 

𝒂𝟕 9.90105222E+00 -8.49032208E-01 0.03950372E+02 3.65767573E+00 
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Appendix D Axial turbine geometric angles.  

The purpose of this section is to calculate the geometric angles of a turbine blade 

which will be used by the micro gas turbine engine in order to achieve 2.2 kW of 

shaft power. First of all the thermodynamic calculation was made by Turbomatch 

using as inputs the compressor pressure ratio and the shaft power which are 

equal to 2.5 and 2200W respectively, then the approximate turbine work was 

calculated to be 5392W.  

The main assumptions used here are: 

• Constant axial velocity before and after the turbine. The value used here 

was taken from the previous CFD simulations and it is equal to 𝑉𝑎𝑥 =

160 
𝑚

𝑠
 .  

• Turbine stage reaction R = 50 % at midspan 

• Free vortex design 

• Constant mean diameter and straight sided annulus walls 

• Rotational speed N = 170 000 rpm 
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Reaction 50 % 

𝑪𝒑 [ 
𝒌𝑱

𝒌𝒈𝑲
 ] 1.24 

𝑽𝒂𝒙  [ m/s ] 160 

Mass flow rate �̇� [kg / s] 0.028 

Rotational speed N [rpm] 170 000 

Turbine work P [ Watt ] 5392 

Mean diameter 𝒓𝒎 [mm] 17.5 

Hub diameter 𝒓𝒉 [mm] 14.5 

Shroud diameter 𝒓𝒔 [ mm ] 20 

Turbine entrance temperature [ K ] 1200 

 

𝜔 = 2 𝜋
𝛮

60
                                                                                                       (D.1) 

𝑈 = 𝜔 𝑟                                                                                                           (D.2) 

𝑃 =  �̇� 𝑈𝑚 𝛥𝑉𝜃                                                                                        (D.3) 

𝑉𝜃2,𝑚 =
𝑈−𝛥𝑉𝜃,𝑚

2
                                                                                                    (D.4) 

𝑎2 = arctan [ 
𝑉𝜃2

𝑉𝑎𝑥
 ]                                                                                                    (D.5) 

𝑉2,𝑚 = 𝑊1.𝑚 =
𝑉𝜃2,𝑚

sin(𝑎2)
                                                                                              (D.6) 

𝑉𝜃1,𝑚 = 𝛥𝑉𝜃,𝑚 + 𝑉𝜃2,𝑚                                                                                      (D.7) 

𝑊𝜃1 = 𝑉𝜃1 − 𝑈                                                                                                 (D.8) 
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𝛽1 = arcsin [ 
𝑊𝜃1

𝑊1
 ]                                                                                             (D.9) 

𝑎1 = arctan [
𝑉𝜃1

𝑉𝑎𝑥
]                                                                                                (D.10) 

𝛽2 = arctan [
𝑊𝜃2

𝑉𝑎𝑥
]                                                                                             (D.11) 

Free vortex: 𝑟𝑚𝑉𝜃,𝑚 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝑟ℎ𝑉𝜃,ℎ𝑢𝑏 = 𝑟𝑠,𝑠ℎ𝑟𝑜𝑢𝑑                                      (D.12) 

Table 5.1 has the calculated geometric angles  

To define the isentropic efficiency of the turbine, correlations must be used.  The 

flow coefficient and the stage loading are defined as:  

 𝜑 =
𝑉𝑎𝑥

𝑈
                                                                                                         (D.13) 

𝜓 =
𝛥𝐻

𝑈2 = 𝐶𝑝
𝛥𝑇

𝑈2                                                                                               (D.14) 

For the midspan 𝜑 = 0.51 & 𝜓 = 1.98 

Using the graph that correlates the turbine efficiency with the above two 

quantities, we have an expected isentropic efficiency of 𝑛𝑖𝑠 = 0.87, however given 

the bibliography for the micro gas turbines efficiencies, thiss is a not realistic 

value. 

 

Total to total isentropic efficiency and angle of deflection for turbine stage of 

50% reaction [29] 
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Αn easy way to modify the existing turbine blade is by exporting the turbine profile 

from Turbogrid and inserting it to Ansys BladeModeller, where from them the 

angles can change easily thanks to the interactive graphics user interface, 

otherwise it is necessary to use a CAD software like Solidworks or Catia. 

Appendix E Radial MGT components 

 

(a) Centrifugal compressor, (b) radial turbine, (c) Rotor, (d) Bearing, (e) 

igniter, (f) annular combustor [37] 

 

 


